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Membrane pervaporation has progressively become a prospective separation technique 
for azeotropic mixtures or close boiling point mixtures owing to the advantages of energy 
efficiency, environmental benignity and easy operation. Membrane is the heart of a 
successful pervaporation process. In this thesis, a comprehensive study on the 
development of thin film composite (TFC) hollow fiber membranes for pervaporation 
dehydration of alcohols is presented.  
 
Firstly, TFC hollow fiber membranes consist of polyamide selective layer and porous 
Torlon
®
 polyamide-imide substrate have been fabricated via interfacial polymerization 
for pervaporation dehydration of isopropanol (IPA). The effects of substrate 
characteristics on the formation of the thin polyamide layer and the pervaporation 
performance are investigated. It is found that the resultant TFC membranes show superior 
separation performance if the substrates have a fine surface pore size and desirable sub-
structural morphology. The effects of amine monomers, i.e., m-phenylenediamine (MPD) 
and hyperbranched polyethyleneimine (HPEI), for interfacial polymerization with 
trimesoyl chloride (TMC) on separation performance are also compared. The TFC 
membrane prepared from HPEI exhibits a higher pervaporation flux than that from MPD 
possibly due to the fact that the former has higher amine content than the latter. As a 
consequence, the polyamide selective layer of the former has a greater hydrophilicity 
than the latter. With the optimal interfacial polymerization conditions, the TFC 
membrane fabricated from HPEI with a molecular weight of 2 kg/mol shows the best 
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separation factor of 624 with a flux of 1282 g/m
2
-h and a permeate water concentration of 
99.1 wt% using a feed composition of 85/15 wt% IPA/water at 50 C. After post 
methanol treatment, the flux can be enhanced to 1920 g/m
2
-h with a slightly decrease in 
permeate water concentration to 98.4 wt%.  
 
Secondly, after the fundamental study and understanding of the substrate requirements 
and selective layer characteristics of TFC membranes in part 1, novel organic-inorganic 
TFC membranes have been developed, with an introduction of an inorganic component 
3-glycidyloxypropyltrimethoxy-silane (GOTMS) in the chemical structure of the in-situ 
synthesized polyamide layer. These membranes exhibit a pervaporation separation 
performance surpassing most prior polymeric membranes and inorganic ceramic 
membranes for IPA dehydration. Three different modification methods are demonstrated 
to include GOTMS in the polyamide structure via suitable molecular design. The TFC 
membrane prepared exhibits an optimized flux of 3.5 kg/m
2
-h with a separation factor of 
278 for a feed composition of 85/15 wt% IPA/water at 50 C. This high performance can 
be attributed to the excellent solvent resistance of the inorganic component included and 
the formation of inorganic cavities in the selective layer. The newly designed and 
fabricated TFC membranes show a great potential to compete with those commercial 
inorganic membranes in pervaporation applications. 
 
Thirdly, the study of organic-inorganic TFC membrane is extended to the design of 
hybrid organic-inorganic amine monomer to prepare TFC membranes for ethanol 
dehydration. Different from the conventional amine monomer, m-phenylenediamine 
 xiii 
 
(MPD), used for interfacial polymerization, the new monomer was molecularly designed 
to sandwich an inorganic component nonafluorohexylmethyldichloro silane (ClSi) 
between two MPD molecules. As a result, the advantages of polymeric and inorganic 
materials are effectively integrated in the newly developed TFC membranes, and these 
membranes exhibit a superior pervaporation separation performance as compared to most 
reported membranes in the literature for ethanol dehydration. Their best pervaporation 
performance shows a flux of 1.9 kg/m
2
-h and a separation factor of 108 for the 
dehydration of the 85/15 wt% ethanol/water mixture at 50 C. 
 
Fourthly, to circumvent the swelling issue of conventional TFC membranes, a novel and 
effective two-step approach has been developed to fabricate highly cross-linked TFC 
membranes for pervaporation dehydration of ethanol. The first step is to in situ graft the 
cross-linker toluene 2,4-diisocyanate (TDI) into the polyamide selective layer during the 
interfacial polymerization while the second step is to produce the TDI cross-linked TFC 
membrane by post thermal annealing. The highly cross-linked TFC membranes overcome 
the swelling issue of conventional TFC membranes and exhibit much enhanced and 
stable separation performance, even at high temperatures. Impressive fluxes of 2.0-6.8 
kg/m
2
-h with separation factors of 61-133 for the dehydration of 85/15 wt% 
ethanol/water mixtures are achieved. These excellent membranes and the novel 
processing method may bring about ground-breaking changes to the molecular design of 
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1.1. Membrane pervaporation and its development 
 
A membrane is a thin, film-like, semi-permeable barrier that separates two or more 
components. Because of its semi-permeable nature, one or more components in the feed 
mixture can be preferentially allowed to pass through but not the others, hence achieving 
a separation. With the development of membrane technology during the past few 
decades, membrane processes have gained a board spectrum of applications, including 
waste water treatment, production of ultra pure water, sea water desalination, gas 
separation, pervaporation, pharmaceutical product separation, fuel cells application and 
many others. Owing to the advantages of energy efficiency, environmental benignity and 
cost saving, membrane processes have replaced many conventional separation processes. 
The global membrane market was about US$ 4 million in 1998 and increased rapidly to 
approximate US$ 15.6 million in 2012. Driven by innovations and breakthrough in 
membrane development and increasing applications and demands, the market is expected 
to grow around 8 % annually and reach US$ 25 million in 2018 [1-2].  
 
Pervaporation is an emerging membrane process for the separation of azeotropic 
mixtures, close boiling point mixtures, isomers and heat sensitive mixtures. The term 
pervaporation is a combination of permeation and evaporation of the transport molecules. 
In pervaporation, the feed liquid mixture is in contact with one side of the membrane, 
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while the permeate is removed from the other side of membrane as a vapor phase. The 
driving force for this process is the pressure difference between the feed side and the 
permeate side, which is normally generated by a vacuum pump [3]. The separation of 
different components is based on the difference in sorption and diffusion rate of each 
species through the membrane, which is largely affected by the complicated interactions 
between the components and the membrane and the membrane material and structure. 
Figure 1.1 presents a schematic diagram of a typical pervaporation process.  
 
 
Figure 1.1 Schematic diagram of pervaporation process. 
 
The first observation of pervaporation process can be dated back to 1906 when 
Kahlenberg found a selective transport of hydrocarbon/alcohol mixtures through a thin 
rubber sheet [4]. In 1917, Kober introduced the word pervaporation in his paper about the 
fast evaporation of water from aqueous solutions of albumin and toluene through 
collodion (cellulose nitrate) films [5]. Faber tried to used pervaporation technique to 
separate protein solutions in 1935 [6]. Schwob made the earliest attempt to dehydrate 
water/alcohol mixtures via a thin cellulose film [7], while Heisler et al. firstly reported 
the quantitative study of ethanol dehydration via pervaporation in 1956 [8].  These early 
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work and observations have pioneer contributions to the later development of 
pervaporation processes. 
 
Thereafter, between 1958 and 1962, Binning and coworkers from American Oil 
Company have done a systematic study and established the principles of pervaporation 
based on their work on the separation of hydrocarbon mixtures [9-11]. However, the low 
permeation flux of dense membranes has limited the industrial application of 
pervaporation. Only until Loeb and Sourirajan developed asymmetric membranes in 
1960s, the low flux issue was able to be solved gradually [12]. Afterwards, a real 
breakthrough took place in 1980s, when GFT (Gesell-schaft für Trenntechnik, Hamburg, 
Germany) developed a polyvinyl alcohol (PVA) and polyacrylonitrile (PAN) composite 
membrane for alcohol/water separation and first commercialized the technology [13]. 
 
From then on, the large application and commercialization of pervaporation process has 
gradually realized. Until 1995 more than 100 industrial pervaporation units have been 
installed and more than 200 European and US patents have been issued [14]. 
 
1.2. Current status and applications membrane pervaporation 
 
Currently, there are a few industrial suppliers of pervaporation systems. Table 1.1 listed 
some of these suppliers together with their membranes and main applications [15]. 
However, due to the limitation of membrane materials and shortage of commercially 
available pervaporation membranes, the number of industrial-scale pervaporation 
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applications is still considered small. Up to date, the commercial suppliers for 
pervaporation membranes are really scarce. The selective layer materials used for 
commercial pervaporation membranes are almost identical, where PVA is used for 
dehydration while polydimethylsiloxane (PDMS) is used for organic removal. Thus, the 
continuous development of membrane materials and breakthrough in pervaporation 
membranes is still needed for the expansion of this process. 
 
Table 1.1 Industrial suppliers of pervaporation membranes. 
 
 
According to different applications, there are three major categories of pervaporation 
processes: (1) dehydration of organic solutions, (2) removal of organic compound from 
its dilute aqueous mixtures and (3) separation of organic mixtures. Table 1.2 tabulates the 
potential liquids separations in the three categories that demand technological 





Table 1.2 potential liquid separations by pervaporation process. 
 
 
1.2.1. Dehydration of organic solutions 
 
Among all the three categories of applications, dehydration of organic solutions remains 
the most important applications in industry. One typical example is to dehydrate 
concentrate alcohol solution to get high purity product. In this application, due to the 
formation of azeotropic mixtures between many alcohols and water, the dehydration 
process using conventional technologies such as distillation is not economic or 
sometimes impossible. However, pervaporation can easily overcome this problem 
without the addition of other components to break the azeotrope and act as a clean 
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technology [16]. Additionally, pervaporation has the advantage of low energy 
consumption as compared to distillation because only the permeating molecules consume 
the latent heat [17]. Table 1.3 shows an energy and cost comparison for the separation of 
ethanol/water mixture from a small GFT plant. Pervaporation has the lowest capital cost 
and is less energy intensive than distillation or adsorption [15].   
 




So far, the most important dehydration application is for ethanol and isopropanol (IPA) 
due to their huge consumption in various industries. Ethanol is a potential clean biofuel 
that helps to address the issues of global oil depletion and carbon dioxide rise, and is also 
largely used in medical and biopharmaceutical industries. More than 100 ethanol 
dehydration plants have been established since its debut in 1982 by GFT. IPA is an 
important solvent in modern semiconductor and microelectronic industries, while it is 
also a raw material or chemical intermediate for many products. All these mentioned 
applications involve the production of anhydrous IPA, where pervaporation dehydration 
receives significant attention. Besides, the dehydration of other solvents, such as glycerol, 
acetone and acetic acids has also been gradually developed.  
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1.2.2. Removal of organic compound from its dilute aqueous mixtures 
 
Another application of membrane pervaporation is the removal or recovery of organic 
compound from a dilute aqueous solution with usually less than 2% of organic solvent. 
This application can be applied in wastewater treatment, pollution control and useful 
solvent recycling. Since the first development of this application by Membrane 
Technology and Research (MTR) [18], the process has been further expanded into a few 
different areas: (1) the removal of trace amount of volatile organic compounds (VOCs) 
from water stream. Due to the harmfulness of VOCs from industrial or municipal 
wastewater to humans and animals, rules and regulations have been imposed on the level 
of VOCs in water stream. Traditionally, activated carbon adsorption and air stripping 
were used for the treatment process. However, the process is not economic since further 
treatment is still needed after the VOCs are transferred to another phase.  Pervaporation is 
a potential replacement of this process through the selective sorption and separation of 
one component by the membrane [19]. (2) The recovery of valuable organics from 
aqueous stream. It has been demonstrated that a dilute ethyl acetate solution can be 
concentrated from 2% to 96.7% and recycled in its feed stream [18]. (3) The removal of 
product from a fermentation broth in order to increase the conversion rate and have a 
continuous production flow. The potential of this application in bioethanol or biobutanol 
recovery has received great interest [20]. For all these applications, commonly adopted 
membranes are made from rubber materials such as PDMS and polybutadiene or highly 
hydrophobic materials such as poly(vinylidene fluoride) (PVDF). The separation is 
achieved by the preferential sorption rather than diffusion of the membranes.  
 8 
 
1.2.3. Separation of organic mixtures 
 
Comparing the above mentioned two applications, organic/organic separation by 
pervaporation is less developed. There are only two examples of industrial applications, 
which are the separation of methanol from an isobutene/methylterbutyl ether mixture. 
The limitation is the lack of suitable membranes and modules that have long term 
stability under organic solvents. However, this application opens new opportunity for the 
future development of pervaporation technology. For example, in petrochemical industry, 
the purification of alkylether such as ethyltertbutyl ether (ETBE), the enhancement of 
fuel octane number without lead derivatives and the extraction of aromatics from 
hydrocarbons can employ membrane pervaporation technology. Since the separation is 
based on the difference of each organic molecule in polarity, steric effects and affinity to 
membrane, advanced membrane materials and modules might be developed in the future. 
 
1.3. Main challenges of membrane pervaporation 
 
For a practical membrane pervaporation process, there are two essential requirements: (1) 
a high performance membrane and (2) easy membrane fabrication and processbility. 
Without the obtaining of a sufficient high performance membrane, pervaporation may 
unlikely to materialize as a viable alternative separation technique. Thus, the first 
requirement is paramount important and is the major hurdle for the expansion of 




To achieve a high performance membrane, there are two main components in the design, 
namely, membrane materials and membrane morphology. Generally, a screening and a 
selection of membrane materials that may result in superior flux and separation factor are 
needed. The membrane materials also need to have good mechanical integrity, chemical 
resistance, thermal stability and long time durability. These constraints limit the materials 
that can be used in pervaporation. In addition, it is a fact that a certain material can only 
displays good separation performance for a specific mixture but not other types of 
mixtures. Thus, the tedious evaluation and tests of membrane materials must not be 
overlooked for different separation applications. The other main component in membrane 
design is the morphology of membrane. Typically, desirable membrane morphology 
should have an asymmetric structure, which consists of an ultrathin dense selective layer 
and a porous substrate. The former provides the separation function while the latter acts 
as a mechanical support. Two types of asymmetric pervaporation membranes are usually 
produced: (1) wholly integral asymmetric membranes made of the same material [21] and 
(2) composite membranes consisting of different materials for the dense selective layer 
and the porous substrate [22]. Since only a small amount of expensive materials with 
high performance is used as the ultrathin selective layer while the porous substrate can be 
made from cheap materials, composite membranes are cost effective and hold great 
potential for commercialization. However, the compatibility of different materials that 
form the composite membrane and the defect free requirement of the ultra thin selective 




For an economic membrane pervaporation system, the easy membrane fabrication and 
processbility is also important. Although inorganic membranes generally exhibit higher 
separation performance than polymeric membranes because of their superior thermal and 
solvent stability, their brittleness, complex processbility and high costs limit their 
applications in industry [22]. On the other hand, polymeric membranes are attractive and 
promising because they have better film forming properties and lower costs, despite their 
lower separation performance. Membrane scientists have also tried to integrate inorganic 
and organic components together in order to design membrane materials with combined 
advantages and superior separation performance. 
 
In overall, a fundamental understanding of membrane materials, transport mechanism and 
application requirements can provides an in-depth insight in membrane design, process 
optimization and performance prediction. The challenges faced by membrane 
pervaporation must be overcome before it is enormously used in various industries.   
 
1.4. Research objectives and thesis organization 
 
The objective of this work is to design high performance thin film composite (TFC) 
membranes for pervaporation dehydration of alcohols, IPA and ethanol in particular. This 
objective can be achieved through: (1) the fundamental and systematic study of various 
effects on the formation and separation performance of the resultant TFC membranes; (2) 
the improvement of membrane performance by the incorporation of inorganic 
components in the selective layer structure; (3) the design and synthesis of hybrid 
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organic-inorganic monomer for the preparation of TFC membrane; and (4) developing 
highly cross-linked TFC membranes by a novel in-situ synthesis and cross-linking 
method. 
 
TFC membrane is one special design of composite membranes. It is recently emerged as 
a potential candidate for pervaporation dehydration. The conventional TFC membranes 
are generally prepared via interfacial polymerization technique, where monomers in two 
immiscible phases react on the porous substrate surface and a thin selective layer is 
formed on top of the substrate. The interfacial polymerization technique is a simple and 
easy way to obtain an ultra-thin active layer on a membrane substrate at room 
temperature because of the high reactivity of monomers. Moreover, the selective layer 
thickness, pore size and porosity can be optimized by the proper selection and design of 
monomers and polymerization conditions. All these features make TFC membrane a 
good candidate to achieve high separation performances. Together with its simple 
fabrication and processbility, TFC membrane may become the next generation 
commercial pervaporation membranes.  
 
The dissertation is organized into eight chapters. Chapter one presents the introduction of 
dissertation, including a review of membrane pervaporation and its historical 
development, current status and industrial applications of pervaporation and main 





Chapter two provides the fundamental and transportation mechanisms of pervaporation 
processes. Two different transportation models are introduced. Other important concepts 
of pervaporation, including performance evaluation and membrane selection are also 
highlighted. In addition, a comprehensive review of TFC membrane and its application in 
pervaporation is covered.  
 
Chapter three describes the experimental of this research study. The materials used, 
membrane fabrication, pervaporation tests and various characterization techniques are 
addressed in detail. 
 
Chapter four presents the development of TFC membranes comprising of polyamide 
selective layer on porous polyamide-imide hollow fiber substrate for pervaporation 
dehydration of IPA. Different monomers are used for the preparation of TFC membranes 
and the effects on the resultant membrane morphology and pervaporation performance 
are compared. The effects of substrate surface pore size and sub-structural morphology 
on the formation of thin selective layer are also discussed. The optimal interfacial 
polymerization reaction condition has been searched in order to achieve a good 
separation performance. A post methanol treatment is also employed to enhance the 
pervaporation performance and the mechanism of the enhancement is proposed and 
validated by slow beam positron annihilation spectroscopy (PAS) technique. 
 
Chapter five investigates the preparation of organic-inorganic TFC membranes with the 
introduction of an inorganic component 3-glycidyloxypropyltrimethoxy-silane(GOTMS) 
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in the chemical structure of the selective layer. These membranes exhibit a pervaporation 
separation performance surpassing most prior polymeric membranes and inorganic 
ceramic membranes for IPA dehydration. Three different modification methods are 
demonstrated to include GOTMS in the polyamide structure via suitable molecular 
design in this chapter. 
 
Chapter six studies the design and synthesis of hybrid organic-inorganic monomer for the 
preparation of TFC membranes for ethanol dehydration via pervaporation. The new 
monomer is molecularly designed to sandwich an inorganic component into two 
conventional monomer molecules. The structure of the new monomer is confirmed by 
Nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectrometry. 
As a result, the advantages of polymeric and inorganic materials are effectively integrated 
in the newly developed TFC membranes. 
 
Chapter seven investigates a novel two-step approach to produce highly cross-linked TFC 
membranes for pervaporation dehydration of ethanol. The first step is to in-situ generate 
the toluene 2,4-diisocyanate (TDI) grafted TFC membrane during its interfacial 
polymerization while the second step is to produce the TDI cross-linked TFC membrane 
by post thermal treatment. The effects of each step on physiochemical properties, 
membrane structure and dehydration performance of the resultant TFC membranes are 
investigated.  The stability of this highly cross-linked TFC membrane is also tested at 




Chapter eight draws the conclusions of the research work. Some recommendations and 
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2.1. Transportation mechanisms 
 
In pervaporation, the membrane acts as a transport barrier between the feed liquid phase 
and the permeate vapor phase. The driving force is the chemical potential difference 
across the membrane caused by the reduced pressure in the permeate side. Different 
methods can be used to maintain a low permeate vapor pressure, while a vacuum pump is 
normally used in laboratory scale. A proper understanding of pervaporation separation 
mechanism may provide guidelines and directions on the development of suitable 
membranes. There are two transport models that are normally used to describe a 
pervaporation process and largely accepted by membrane scientists: (1) solution-
diffusion model and (2) pore flow model. Even though there are different views in these 
two models regarding the existence of pores in the selective layer, both theories agree 
that the separation performance of pervaporation depends on the membrane materials, 
membrane morphology and the complex interactions between permeant-permeant and 
permeant-membrane. 
 
2.1.1. Solution-diffusion model 
 
Solution-diffusion model is firstly developed by Graham [1], and has been widely 
accepted by the majority of membrane researchers to describe the mass transport through 
a non-porous membrane [2-3]. In this model, the transportation process is divided into 
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three steps, where the first step is the sorption of permeant on to membrane surface from 
liquid feed solution; the second step is the diffusion of permeant inside membrane; and 
the third step is the desorption of permeant to the permeate side as a vapor phase. This 
process is illustrated in Figure 2.1. The first two steps are the controling steps and the 
difference in sorption and diffusion rate of each species in a mixture across the membrane 
governs the separation. Thus, to have high separation performance, a desirable membrane 
should have higher sorption and higher diffusion towards one of the feed components. 
Generally, the sorption selectivity of a feed mixture in the membrane depends on the 
chemical structure and interaction between the membrane material and permeating 
molecules. For example, a hydrophilic membrane may have a higher sorption towards 
hydrophilic molecules rather than organic molecules. Solubility parameters can be used 
as a rough guideline to determine the sorption selectivity [4]. On the other hand, the 
diffusion selectivity relies on the molecule size of the permeating molecules, the 
fractional free volume of the membrane as well as the interactions between the 
permeating molecules and membrane [5]. Principally, in the designing of a membrane, a 
higher factional free volume is favorable due to the higher diffusivity it can provide. 
There are many mathematical equations to describe the solution-diffusion process based 
on Fick‟s mass transport equations and/or Maxwell-Stefen model. However, one should 
also consider the operation conditions and the assumptions used in the derivations before 




Figure 2.1 Schematic diagram of solution-diffusion transport model. 
 
2.1.2. Pore flow model 
 
Pore flow model is developed more recently by Matsuura and co-workers [6]. Different 
from solution-diffusion model where there is no pore in the membrane, this model 
assumes a bunch of straight and cylindrical pores in the axial direction of the membrane 
selective layer as illustrated in Figure 2.2. In this model, the mass transportation process 
is also divided into three steps, where the first step is the flow of feed liquid into the 
pores until a certain length d1; the second step is the evaporation of liquid at the liquid-
vapor interface; and the third step is the permeating of vapor to downstream. The pores in 
this model are defined as the nonbound spaces among the membrane materials. 
Theoretically, these pores can be visualized if the magnification number is large enough, 
although it may be difficult at present. This model simplifies the membrane structure and 
makes clear the position of phase change inside the membrane. However, the pore flow 
model may neglect the membrane-permeant interaction depending on the relative sizes. 
This model might not be suitable if there is strong swelling of the membrane by the feed 
liquid. On the other hand, in solution-diffusion model, there is no pore and the thermal 
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motion of the polymer chain is the reason for the diffusion to occur. Therefore, these two 
models employ different approaches in describing the pervaporation processes. Both 
models may be used in the explaining and predicting of membrane performances.  
 
 
Figure 2.2 Schematic diagram of pore flow transport model. 
 
2.2. Evaluation of membrane performances 
 
Membrane performances are defined as how capable the membranes are to separate a 
mixture. There are typically two inter-connected systems to describe membrane 
performances, which are flux-separation factor system and permeance-selectivity system. 
The former system is the true membrane performance obtained under a particular 
operation condition, while the latter system is the intrinsic membrane performance that 
decouples the process parameters.  
 







                                                                        (2.1) 
     
     
     
                                                 (2.2) 
where Q is the total mass that permeates through the effective membrane area A over the 
operation time t. Subscripts 1 and 2 refer to the two components in the mixture, while Y 
and X are the weight fractions of one component in the permeate and feed side, 
respectively. 
 
In many a case, there is a trade-off trend between flux and separation factor, Huang and 
Yeom has introduced a term pervaporation separation index (PSI) to represent the overall 
performance [7]. The PSI is defined as the product of flux and separation factor initially: 
                                                                      (2.3) 
 
However, this definition faces a problem that if there is no separation (α=1), one 
membrane can still show larger PSI than the other. Thus, the expression is modified to 
the following [8]:  
                                                               (2.4) 
 
Flux-separation factor system is normally reported in most studies, and is widely used in 
the comparison with literature date. The flux and separation factor may be converted to 
permeance and selectivity to decouple the effect of process parameters and reveal the 
intrinsic membrane performances [9-10]. Flux is related to the permeance or permeability 
by the following equation: 
                                                               
  
 
        
       
                                   (2.5) 
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where Pi is the membrane permeability, l is the selective layer thickness and the term [Pi/l] 
is known as the permeance. xi and yi are the mole fractions of component i in the feed and 
permeate, respectively.   
   is the saturation pressure of component i and  P
p
 is the 
permeate pressure. The saturation pressure can be calculated from the Antoine equation 
and the permeate pressure is controlled by a vacuum pump and can normally be read 
from a vacuum meter. γi is the activity coefficient and can be calculated by the Wilson 
equation with the aid of ASPEN HYSYS software. By rearranging equation (2.5), 
permeance can be determined. The ideal membrane selectivity β is the ratio of the 
permeability or permeance of two components. 
 
2.3. Pervaporation membranes for alcohol dehydration 
 
Since alcohol dehydration is one of the most important industrial applications of 
pervaporation, a thorough review of pervaporation membranes for this application is 
carried out. A focus on IPA and ethanol dehydration is presented in this study because of 
their huge consumptions and various applications in industry. The two important aspects 
of engineering development of pervaporation membrane are covered: (1) membrane 
materials selection and (2) membrane morphology, structure and configurations. 
 
2.3.1. Membrane materials 
 
The general criteria for membrane materials for pervaporation are chemical stability, 
mechanical strength and sorption capacity towards the target solution. For the 
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dehydration of alcohols, hydrophilic materials are usually used because of the preferential 
sorption for water molecules. However, the higher hydrophilicity may cause the higher 
degree of membrane swelling during pervaporation and lead to an enhanced permeation 
flux but a reduced separation factor. Therefore, a balanced hydrophilicity and 
hydrophobicity and a careful design of material chemistry is needed for achieving a 
membrane with good separation performance. In the literature, both polymeric and 
inorganic materials are used for the fabrication of dehydration membranes.  
 
2.3.1.1. Polymeric materials 
 
 Chitosan 
Chitosan is a natural polymeric material that is a deacylated form of chitin.  It is widely 
studied as a pervaporation dehydration membrane because of its highly hydrophilic 
nature, consisting of hydroxyl and amino groups in the chemical structure. These 
functional groups make chitosan a good starting point for future modifications, although 
its intrinsic separation factor may be low due to excessive swelling [3]. Many 
modification techniques have been used to improve its separation performance. Ge et al. 
found that the temperature for the preparation of chitosan membrane played an important 
role in the resultant membrane separation characteristics [11]. A higher heating 
temperature could lead to a membrane with lower permeation flux and higher separation 
factor. The best separation factor is obtained at a preparation temperature of 373 K. The 
explanation for this phenomenon is the different packing density of crystals under 




Cross-linking is another commonly adopted technique to improve the membrane 
separation factor. Nawawi and Huang used hexamethylene diisocyanate to cross-link the 
homogenous chitosan membrane [12]. The separation factor is doubled from 900 to 2000 
and the permeation flux is reduced from 120 to 80 g/m
2
-h after cross-linking. This is 
because the cross-linked membrane becomes more rigid and the available fractional free 
volume for permeation is substantially reduced. Huang et al. made use of glutaraldehyde 
cross-linking to improve the structural stability of chitosan membrane over a range of 
feed concentration and operation temperature and to enhance the membrane selectivity 
[13]. Higher separation factor of 4942 is obtained for the dehydration of a 90 wt% 
IPA/water solution for the cross-linked membrane. Sulfuric acid is also employed as a 




Alginate is a block co-polymer consisting of saccharides rings. The carboxylic groups in 
its structure make the material very hydrophilic and potential to be a pervaporation 
dehydration membrane. However, the highly hydrophilic nature also reduces the 
mechanical strength of the membrane in aqueous solution, which obstructs the large 
application of this membrane in pervaporation. The first extensively studied alginate 
membrane was made from sodium alginate by Yeom et al. [14-15]. Blending method is 
used in their studies to increase the mechanical strength of the water soluble polymer. 
They also investigate the relaxation property of alginate polymer upon heating and 
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cooling process. In some other research works, ionic cross-linking is used to improve the 
structural stability and separation performance of sodium alginate membranes [16].  
 
 Poly(vinyl alcohol) (PVA)  
For alcohol dehydration, PVA is the most intensively studied and widely used material. 
Because of the hydroxyl groups in PVA have high affinity towards water through 
hydrogen bonding, PVA has excellent water perm-selectivity and is used in the 
commercial membrane by Sulzer Chemitech. Similar to other highly hydrophilic 
materials, cross-linking is normally used in the preparation of PVA membranes to 
increase membrane stability. Huang was one of first researchers to investigate the 
possibility of PVA membranes and cross-linked PVA membranes for pervaporation 
application [17]. A separation performance with 250 g/m
2
-h flux and 100 separation 
factor is achieved for dehydration of a 50 wt% ethanol solution with a cross-linked PVA 
membrane. The pioneer works like this are good demonstrations on the potential of PVA 
membranes and lead to lots of other research works. Guan et al. have developed 
multilayer membranes with a PVA selective layer mixed with zeolite and cross-linked by 
fumaric acid [18]. The cross-linking reaction induced by the new cross-linking agent 
fumaric acid is confirmed by Fourier transformation infrared (FTIR). The resultant 
membrane is used for ethanol/water separation and displays a separation performance 
better than other cross-linking agents such as maleic acid and malic acid.  In addition to 
the above mentioned cross-linking agents, a number of other agents have also been 
largely studied, including glutaraldehyde, formaldehyde, citric acid, amic acid, formic 
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acid, et al. The commercial GFT dehydration membrane is also made from cross-linked 
PVA membrane.  
 
 Poly(acrylic acid)  (PAA) 
Similar to PVA, PAA is another widely used material owing to its hydrophilicity and 
ease of cross-linking. The negatively charged carboxyl groups in PAA can be cross-




. On the other hand, PAA can also 
undergo ionization to form alkali-metal salt. Karakane et al. have converted the acidic 
PAA to a salt form, and an enhancement in both permeability and selectivity is obtained 
[19].  Nonetheless, the long term stability of this membrane is questionable due to the 
leaking of the salt ions from the membrane during operation. Therefore, the feed solution 
may need to maintain a certain pH level to immobilize the salt ions.  
 
 Polyimides 
Polyimides are a group of well known polymers for its high temperature stability, 
balanced chemical resistance and mechanical strength, as well as good film forming 
property. They become increasingly important in gas separation and pervaporation. 
Conventionally, polyimides are made from a two-step approach, where the first step is 
polycondensation between amine monomer and anhydride monomer to form poly(amic 
acid); the second step is imidization of poly(amic acid) induced by thermal or chemical 
method. An example of polyimide formation is shown in Figure 2.3 [20]. There are a 
bunch of amine monomers and anhydride monomers that can be used to synthesize 
polyimides. Therefore, the chemistry of polyimides is able to be controlled. In addition, 
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the easy synthesis procedures and simple modification techniques provide the versatility 
and flexibility of tailoring the physiochemical properties of polyimides.  
 
 
Figure 2.3 Two-step approach for polyimide synthesis from dianhydride and diamine. 
 
Dense polyimide membranes are normally prepared to investigate the intrinsic membrane 
properties, yet exhibit poor separation performances. Therefore, asymmetric or composite 
polyimides are also developed to improve membrane permeability. Yanagishita et al. 
have produced asymmetric polyimide membrane with a thin selective layer for 
ethanol/water separation [21]. Post heat treatment is used to anneal the membrane and to 
reduce surface defects. They conclude that an optimal annealing temperature should be 
determined since too low a temperature cannot improve the selectivity while too high a 
temperature may damage the membrane.  
 
Recently, Chung‟s research group has done a lot of work by using either commercial 
polyimides or self-synthesized polyimides [22-24]. For example, Liu et al. successfully 
developed P84 co-polyimide hollow fiber membranes for IPA dehydration [22]. Silicon 
 29 
 
rubber coating and post heat treatment are utilized to improve membrane performance. A 
tremendous enhancement in separation factor (20-100 times) is achieved with a heat 
treatment at 300 
o
C. Jiang and Chung have fabricated polyimide/cyclodextrin composite 
membranes using a commercial polyimide Matrimid
®
 [23]. The composite membranes 
show an IPA dehydration performance far surpassing the neat Matrimid
®
 membrane. The 
reason for the improvement is that the hydrophilic cyclodextrin can create water transport 
channels in the membrane. Le et al. have synthesized co-polyimide poly(1,5-
naphthalene/3,5-benzoicacid-2,2′-bis(3,4-dicarboxyphenyl) hexafluoro-propanedimide) 
(6FDA-NDA/DABA) and developed dual-layer hollow fiber membranes with this co-
polyimide as the selective layer [24]. Polyhedral oligomeric silsesquioxane (POSS) 
molecules are added into the membrane selective layer to increase its fractional free 
volume and diffusion rate. This newly developed membranes exhibit a superior 
permeation flux of 1.9 kg/m
2
-h for ethanol dehydration.  
 
 Polyamides 
Polyamides are another group of heat resistance materials with good chemical and 
mechanical stability. The naturally existing polyamides are various proteins, while the 
most commonly known synthetic polyamides are Nylon. Polyamides can be synthesized 
by step-growth polymerization, such as interfacial polymerization. Because of the 
attractive properties of polyamides, a wide range of polyamides with different properties 
and applications have been synthesized. Chan et al. have made dense polyamide films 
from N,N_,-bis(4-aminophenylsulfonyl)-1,3- diaminopropane and isophtthaloyl chloride 
for pervaporation dehydration [25]. However, these dense membranes exhibit extremely 
 30 
 
low permeation flux. Composite membrane with a thin polyamide selective layer is 
necessary to reduce the transport resistance and to improve the performance. Interfacial 
polymerization has been demonstrated to be a good and effective way to form a thin layer 
of polyamide on a substrate. This will be discussed in detail in section 2.4. 
 
 Polyelectrolyte membranes  
Polyelectrolyte membranes are usually formed by layer-by-layer deposition method, 
where positively charged and negatively charged molecules are alternatively deposited on 
a support. The properties of the polyelectrolyte layer depend on the oppositely charged 
groups. Since the formed selective layer is in molecular scale and very thin, high 
performance membranes may be developed. However, too thin a selective layer also 
faces a challenge of defects and swelling. Therefore, a few tens of bi-layers may be 
needed to achieve a good separation. Alternatively, people also tried cross-linking and 
other methods to improve membrane properties. Zhang et al. have prepared 
polyethylenimine/poly(acrylic acid) (PEI/PAA) complexes polyelectrolyte membranes by 
self-assembly on an interfacially formed polyamide substrate [26]. Owing to the proper 
selection of substrate, the polyelectrolyte membranes show reasonable dehydration 
performance with less than 8 bi-layers. To further improve the performance, they have 
tried to cross-link the outmost layer of the polyelectrolyte membranes by glutaraldehyde. 
An enhancement in the top layre stability is achieved and an improvement in membrane 





 Hydrophobic materials 
Hydrophobic materials are also used for alcohol dehydration in some cases. Although 
they have low affinity towards water, they may have excellent stability in water/alcohol 
solutions. MTR has developed perfluoropolymers (PFP) for gas separation and 
pervaporation application. These polymers are hydrophobic and completely stable at high 
operation temperatures up to 130 
o
C. Nevertheless, they find that PFP membranes have 
surprisingly good water permeability. Huang et al. from MTR have therefore developed 
composite membranes with PFP as the outmost layer for ethanol dehydration [27]. 
 
2.3.1.2. Inorganic materials 
 
Inorganic materials have several intrinsic advantages over polymeric materials, such as 
high chemical resistance and super temperature stability. They normally do not have 
swelling issue as in polymeric membranes, and can thus be used under harsh chemical 
environment. Because of the ability to be used at high operation temperature, inorganic 
membranes can provide high fluxes with a stable performance. However, inorganic 
membranes have issues of brittleness, complicated processbility and high cost, which 
limit their broad applications in industry [27]. 
 
 Ceramic membranes 
Ceramic membranes offer excellent thermal and chemical stability, and are used as 
macroporous supports to prepare composite membranes for pervaporation application. 
Song and Hong coated a tubular ceramic membrane with cellulose acetate (CA) either on 
 32 
 
the inner side or outer side of the membrane for ethanol/water separation [28].  A dense 
and continuous CA film is formed on the membrane and observed under SEM. However, 
they do not report the flux data and the separation factor is low in their study.  Zhu et al. 
have prepared ceramic supported PVA/chitosan membranes by dip-coating method for 
dehydration purpose [29]. It is found that the pore size of ceramic substrate affects the 
performance of the resultant composite membranes greatly. A pore size of 0.2 um is 
determined to be a proper size as a substrate. They also find that the chitosan content in 
the selective layer plays an important role in membrane flux. An increase in chitosan 
content leads to an increase in memebrane flux without sacrificing the separation factor. 
The abnormal trend of flux and separation factor is explained by the non-deformable 
nature of ceramic support that restricts swelling effect on the selective layer.  
 
 Zeolite membranes 
Zeolites have highly ordered and well-defined structure and their membranes therefore 
offer the advantage of high permeability and selectivity. There are a number of zeolite 
structures with different pore sizes, which can show molecular sieving property for 
selective pair of mixtures. Recently developed zeolite membranes, such as zeolite A, 
zeolite X and zeolite T shows impressive separation performances that far surpassing 
traditional polymeric membranes [30]. Shah et al. used the recently developed 
hydrophilic zeolite NaA membranes to dehydrate alcohols and other organic solvents 
[31]. A wide range of feed water concentrations (0-100 wt%) and operation temperatures 
(25-75 
o
C) are employed to test the suitability of the membranes. It is found that these 
zeolite membranes overcome the swelling problem faced by hydrophilic polymeric 
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membranes and show stable performance under harsh solvents environment. The first 
industrial use of zeolite membranes is in an ethanol production plant as reported by 
Morigami et al. [32]. This indicates the possibility of zeolite membranes for industrial 
uses.  
 
2.3.2. Membrane morphology and configurations 
 
Dense membranes are usually developed to investigate the intrinsic membrane properties 
such as permeability and selectivity. However, the thick membrane thickness provides 
large transport resistance and hence dense membranes have low permeation flux. 
Therefore, they are not suitable for industrial applications. In the development of high 
performance membranes, asymmetric membranes are introduced to reduce the effective 
membrane thickness. An asymmetric membrane consists of an ultrathin dense selective 
layer and a porous substrate. The former provides the separation function while the latter 
acts as a mechanical support. Therefore, the permeation flux can be significantly 
improved. All important industrial membranes have asymmetric structure. Two types of 
asymmetric pervaporation membranes are usually produced: (1) wholly integral 
asymmetric membranes made of the same material and (2) composite membranes 
consisting of different materials for the dense selective layer and the porous substrate.  
 
 Wholly integral asymmetric membranes 
Wholly integral asymmetric membranes are conventionally produced by phase inversion, 
where a homogeneous polymer dope solution is precipitated to form a continuous solid 
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phase with voids and a dense skin layer. The typical structure of this type of asymmetric 
membrane is shown in Figure 2.4. Different precipitation techniques have been 
developed for phase inversion, including vapor phase precipitation, controlled 
evaporation and non-solvent induced precipitation. Among them, non-solvent induced 
precipitation is the most commonly used technique since its invention by Loeb and 
Sourirajan in 1960s. In this process, a polymer solution is immersed in a non-solvent 
coagulation bath and transferred into a polymer rich phase and polymer lean phase to 
minimize Gibbs free energy of mixing ∆Gm. The polymer rich phase will develop into the 
continuous membrane structure while the polymer lean phase will become microporous 
structure in membrane. This is usually called liquid-liquid demixing. Flory-Huggins 
theory can be used to determine the heat of mixing for a system involving the three 
components, polymer, solvent and non-solvent at constant pressure and temperature [33]: 
   
  
                                                            (2.6) 
where n, Ф, χ, are the mole number, volume fractional and interaction parameter, 
respectively. The subscription 1, 2 and 3 refers to the three components.  
 
 




There are many variables that can be changed in this non-solvent induced precipitation 
process and different morphologies can be obtained [34]. Figure 2.5 depicts a ternary 
phase diagram that can be used to illustrate the phase change process. Each point inside 
the triangle corresponds to a mixture of the three components. The two boundary lines, 
binodal curve and spinodal curve, are determined by thermodynamic factors [35]. The 
binodal curve can also be obtained by experimental method with the determination of 
cloud point [36]. The phase diagram is divided into three regions by the boundary lines, 
which are the stable region, meta-stable region and unstable region. Any mixture falls on 
the tie line will separate into a polymer rich phase and a polymer lean phase whose 
composition is given by the intersection of tie line and binodal curve. The intersection of 
binodal curve and spinodal curve is called as the critical point. 
 
 




The liquid-liquid demixing phase separation process can follow two types of pathways, 
nucleation growth and spinodal decomposition, depending on the thermodynamics of the 
system. Nucleation growth takes place when the polymer solution enters from the stable 
region slowly into the meta-stable region. It is the process of generating the initial 
fragments of a new and more stable phase within the meta-stable mother phase. The 
initial fragments are called a nucleus. The individual molecules making up the nucleus 
are held strongly together and the molecules within the mother phase would diffuse into 
the region with a low concentration near by the nucleus, resulting in porous membrane 
morphology [37]. Spinodal decomposition starts when the mixture enters the 
thermodynamic unstable region. In this case, the growth is not from nuclei but from small 
amplitude composition fluctuations which statistically promote continuous and rapid 
growth of the sinusoidal composition modulation forming inter-connective structure, or 
3-dimensional open cell structure [38]. 
 
Theoretically, nucleation growth and spinodal decomposition only qualitatively predict 
membrane morphology from thermodynamic point of view. In fact, the liquid-liquid 
demixing is a dynamic process involving a complicated mass transfer of non-solvent 
penetration and solvent depletion. Therefore, an examination from kinetic point of view 
is necessary. The factors that affect the rate of mass transfer include polymer 
concentration, selection of solvent, composition of non-solvent coagulation bath, 
temperature and so on. For example, if the amount of solvent out-flow is smaller than the 
amount of non-solvent penetration (the ratio is referred to as k value), a very porous 
structure will form. If k value is larger than 1, a relatively dense structure will form and if 
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k value is equal to 1, a porous structure can be obtained. However, because k value may 
not be constant across the whole membrane thickness, it is still difficult to predict the 
local membrane morphology.  
 
There are also other mechanisms based on kinetic point of view to describe membrane 
formation from liquid-liquid demixing. Two types of demixing processes are introduced 
by Reuvers and coworkers: instantaneous liquid-liquid demixing and delayed liquid-
liquid demixing [39-40]. From instantaneous liquid-liquid demixing, the membrane is 
formed immediately when contacting with non-solvent bath. The formed membrane 
consists of relatively porous thin skin layer on top of a macrovoid-filled sub-layer, which 
can be used for microfiltration or ultrafiltration. On the other hand, delayed demixing 
means the membrane formation is slower and a relatively denser skin layer on top of a 
close-cell substructure is obtained. This membrane may be suitable for gas separation or 
pervaporation application. However, there are different views and observations from 
some other studies [41-42]. From instantaneous demixing, a dense inner or outer skin 
layer may also be formed during hollow fiber spinning if the polymer dope concentration 
is high enough. Therefore, phase inversion is a complicated process and there are 
different explanations on the mechanism. One should review the detailed conditions and 
combined effects to design and predict the membrane morphology.  
 
 Composite membranes 
The second type of asymmetric membranes is composite membranes. Different from 
wholly integral asymmetric membranes, composite membranes consist of different 
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materials for the dense selective layer and the porous substrate as shown in Figure 2.6. 
Therefore, composite membrane is able to combine the advantages of different materials. 
Since only a small amount of expensive materials with high performance is used as the 
ultrathin selective layer while the porous substrate can be made from cheap materials, 
composite membranes are cost effective and hold great potential for commercialization.  
 
 
Figure 2.6 Typical structure of composite membrane. 
 
Two steps are usually involved in the fabrication of composite membranes. The first step 
is to prepare the porous substrate and the second step is to deposit the selective layer on 
the surface of the substrate. The porous substrate is conventionally produced by 
aforementioned phase inversion process. The substrate morphology may play an 
important role in determining the separation efficiency. It needs to be highly porous to 
reduce the mass transport resistance. At the same time, the surface of the substrate should 
not possess any large pores to prevent the intrusion of selective materials into the 
substrate and block the transport channels. In addition to provide mechanical strength, the 
preferred substrate should have characteristics of low cost, good chemical resistance and 




As for the deposition of selective layer, different techniques has been developed, 
including (1) direct coating, (2) casting of polymer solution on the substrate and (3) in-
situ surface polymerization. Currently, direct coating is widely used to produce 
composite membranes because of its simplicity. The commercial GFT and MTR 
pervaporation membranes are believed to be manufactured from this method. In order to 
achieve a good coating layer, there are several factors to be considered: the selection of 
coating solution solvent must be appropriate, which should not damage or dissolve the 
substrate while maintaining certain wetability to the substrate; the viscosity of the coating 
solution needs to be controlled, where too viscous may increase the selective layer 
thickness but too dilute might penetrate to the substrate; time and temperature of coating, 
post drying condition and etc. Different coating methods may be applied depending on 
the applications, such as dip coating, spin coating, layer-by-layer deposition and so on. 
 
Casting of polymer solution on the substrate is somewhat similar to direct coating, but the 
required polymer solution concentration is much higher. In the cases that direct coating is 
not suitable due to compatibility between the coating solution and substrate, casting 
method could be used. The resultant selective layer thickness from casting method is 
higher, which can be used to study the transport properties of the layer.  
 
Another way of producing ultra-thin selective layer composite membranes is in-situ 
surface reaction by interfacial polymerization [43] or plasma polymerization [44]. For 
interfacial polymerization, the two multifunctional monomers are dissolved in two 
immiscible solvents, respectively. The reaction is allowed to take place at the interface of 
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the two liquid phases on top of the substrate.  The detailed mechanisms will be discussed 
in next section. It has been reported that the interfacially polymerized selective layer can 
be as thin as 20 nm [45]. On the other hand, plasma technique can be used to polymerize 
monomers with or without reactive functional groups. However, the surface chemistry 
and morphology is difficult to control from plasma polymerization. The factors such as 
monomers composition and flow rate, discharge power and vacuum level of the plasma 
chamber may all affect the resultant surface layer. Guzman et al. have studied plasma 
induced graft polymerization of 2-hydroxyethyl methacrylate (HEMA) on top of 
polycarbonate (PC) substrate [46]. They consider different plasma parameters that affect 
the pervaporation performance. With the plasma treatment of 50 W and 90 seconds, the 
resultant composite membrane shows the best alcohol dehydration performance.  This 
study together with many others reveals the efficiency of plasma polymerization on the 
formation of composite membranes.  
 
2.4. Thin film composite membranes 
 
Thin film composite (TFC) membranes are one type of composite membranes with the 
skin layer formed by interfacial polymerization. They have the desirable asymmetric 
membrane structure to achieve high separation performance with a good combination of 
flux and separation factor. Since their first development by Rozell et al. in 1967, TFC 
membranes have been largely used for reverse osmosis (RO) [47-50] and nanofiltration 
(NF) processes [51-54]. Recently, they have emerged as a potential candidate for 




Figure 2.7 shows the schematic procedure of producing TFC membranes via interfacial 
polymerization [57]. This technique is quite simple and straightforward with two 
consecutive steps. The first step is impregnation of substrate surface with multifunctional 
amine aqueous solution. The second step is contacting of the impregnated surface with 
multifunctional acyl chloride organic solution. Since the two phases are not miscible, a 
thin film would form at the interface on the surface of the substrate. The formed dense 
layer (polyamide in this case) serves as the selective layer of the membrane. Besides their 
good performance, the easy fabrication of TFC membranes, where an ultra-thin selective 
layer is simply formed on a porous substrate via interfacial polymerization, is another 
important factor that makes them dominant in industrial RO and NF membranes [58].  
 
 






2.4.1. Early development of TFC membranes 
 
The concept of using interfacial polymerization to form a thin film on a substrate can be 
traced back to 1965 when Morgan firstly induced this method [59].  He finds the rapid 
reaction between diamines and acyl chloride to form a polymer at the interface of two 
immiscible liquids and demonstrates the model by hexamethyldiamine aqueous solution 
and sebacoyl chloride organic solution to produce Nylon 610.  He describes the growth of 
the polyamide layer at the interface is from water phase towards organic phase. This 
hypothesis is based on the fact that acyl chloride has a low solubility in water while 
diamine has a higher solubility in the organic phase. Thus, diamine molecules must 
diffuse from the aqueous phase to the organic phase to react with acyl chloride 
molecules. It is generally believed that the mass transfer rate of diamine is the rate 
determining step. Morgan‟s model and theory is the basis for many other later studies. 
 
Rozelle et al. from North Star Research Institute made the first TFC membrane by using 
polysolfone as the substrate in 1967 [60]. However, their TFC membranes have low salt 
rejections for RO process, probably because of the not cross-linked polyamide selective 
layer. These studies demonstrate the possibility of TFC membranes and provide the 
foundation of TFC membrane fabrication. Shortly after that, by optimization of 
interfacial polymerization conditions and introduction of interfacial cross-linking, high 
rejection membranes have been obtained in 1970 by the same institute [61]. They used 
polyethylenimine (PEI) and isophthaloyl chloride (IPC) in the aqueous phase and organic 
phase respectively to form the selective layer. In addition to high flux, these TFC 
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membranes exhibit salt rejection greater than 99%. Nonetheless, these membranes are 
susceptible to chlorine, and even ppm chlorine level would deteriorate their separation 
ability.  
 
Thereafter, Cadotte et al. from Midwest Research Institute have introduced a tri-
functional group acyl chloride monomer, trimesoyl chloride (TMC), to prepare TFC 
membranes in 1975 [62]. This monomer has the advantage of increasing cross-linking 
degree of the polyamide selective layer. As a result, the formed TFC membranes have 
much enhanced chlorine resistance. Besides, they also employed a special diamine 
monomer piperazine which has a chair confirmation as shown in Figure 2.8. This 
confirmation may increase the free volume of the formed polymer and contribute to the 
high flux of the TFC membranes. 
 
Figure 2.8 Chair confirmation of piperazine. 
 
Later in 1978, Cadotte et al. further improved the physicochemical properties of TFC 
membranes by using an aromatic diamine monomer m-phenylene diamine (MPD) to 
react with TMC. The interfacially formed aromatic polyamide selective layer shows 
better chemical resistance, temperature stability and long term durability. These TFC 
membranes also exhibit impressive mass transport properties with high salt rejections. 
After that, MPD/TMC pair has been used in the fabrication of many commercial RO and 
NF membranes and become the most successful products among all other monomers. Up 
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to now, the aromatic polyamide TFC membranes still remain the state-of-art chemical 
structure.   
 
2.4.2. Contemporary TFC membranes 
 
Table 2.1 Frequently used and newly synthesized amine and acyl chloride monomers for 




The properties of TFC membranes have been continuously developed during past few 
decades. Many successful applications have been demonstrated in lab as well as in 
industry. Further advancement of TFC membranes would target on the improvement of 
membrane separation performance, long term durability, harsh environment stability and 
fouling resistance. The engineering aspects of TFC membranes production should also 
been considered, such as easy fabrication and module design. In addition, the broad 
application of TFC membranes can be explored and should not be limited to water 
treatment. This section reviews various important aspects in the preparation of TFC 
membranes, including the reactive amine and acyl chloride monomers, some additives 
and surfactants and the porous membrane substrates. This may provide some guidelines 
and directions of designing new generation TFC membranes. 
 
 Reactive monomers 
Although MPD and TMC is the most commonly used monomers for TFC membrane 
fabrication, many other monomers have also been widely studied. Table 2.1 lists down 
some frequently used and newly synthesized amine and acyl chloride monomers [63-69]. 
Two types of amine monomers are generally used, aliphatic and aromatic, while all the 
acyl chloride monomers are almost aromatic. The resultant TFC membranes 
performances depend largely on the thin film layer, including its chemical composition, 
chain molecular structure and macroscopic properties, e.g. density, thickness and surface 
morphology. These properties are mainly controlled by the reactive monomers, together 
with other effects such as surfactant during fabrication. Therefore, the proper selection of 
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monomers and design of monomer chemistry hold paramount importance in determining 
the transport properties of TFC membranes.  
 
Membrane scientists have tried to utilize or synthesize new monomers to improve the 
selective layer property and separation performances. Xie et al. synthesized a sulfone 
diamine monomer disulfonated bis[4-(3-aminophenoxy)phenyl]sulfone (S-BAPS) to 
prepare TFC membranes in order to understand the effect of different amines [68]. S-
BAPS has higher hydrophilicity than MPD which may contribute to membrane flux. The 
resultant TFC membranes made from S-BAPS and TMC shows larger flux than that from 
MPD, yet the salt rejection is smaller. This trade-off between flux and selectivity is 
explained by the higher molecular weight of S-BAPS that slows down its diffusion from 
organic phase into aqueous phase during interfacial polymerization. As a result, the cross-
linking density of the formed polyamide layer would be lower than that from MPD, 
which increases the salt passage. In some other cases, new acyl chloride monomers are 
prepared for the fabrication of TFC membranes. According to Li et al. work [69], they 
claimed that acyl chloride monomers may have greater impact on the membrane 
performance than amine monomers since the interfacial polymerization reaction occurs in 
the organic phase. In their study, three isomeric biphenyl tetraacyl chloride (BTEC) 
monomers are synthesized to react with MPD for the preparation of RO TFC membranes. 
The separation results show that membranes made from om-BTEC have the highest flux 
and lowest at the expense of salt rejection, while the one from mm-BTEC have the lowest 
flux and highest salt rejection. Different reactivity and chemical structure of the three 
monomers may be the reason for different performances, because of different membrane 
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surface composition, morphology and hydrophilicity formed. The low flux in mm-BTEC 
TFC membranes is probably resulted from its high surface carboxylic acid content that 
has too strong a hydrogen bonding with water and acts as a resistance to water transport.  
 
The sensitivity of TFC membranes to chlorine attack is another limitation to commercial 
polyamide membranes. Chlorine is a commonly used disinfectant in wastewater 
treatment and desalination processes. So, the fabrication of chlorine resistant membranes 
draws much attention.  Some new monomers with better chlorine tolerance have been 
explored for TFC membranes fabrication. Shintani et al. have developed a chlorine 
resistant polyamide membrane after a screening of 17 diamines [70]. They find that the 
TFC membranes prepared from N,N‟-dimethyl-m-phenylenediamine (DMMPD) and 
TMC show the best chlorine resistance and much better than  commercial polyamide RO 
membranes. After being immersed in a sodium hypochlorite aqueous solution with 200 
ppm concentration at 40 
o
C for 96 hours, the TFC membranes do not change the solute 
rejection level. In La et al. work, they prepared new polyamide TFC membranes by the 
reaction between hexafluoroalcohol (HFA)-containing diamine and TMC to improve 
membrane performance and chlorine resistance [71]. These membranes show strong pH 
dependence and have higher flux and salt rejection at high pH value during RO process. 
This is because HFA-containing polyamide can change its hydrophilicity under different 
pH conditions due to ionization of HFA groups. In addition, the high electro-negativity 
and steric bulkiness of HFA groups are advantageous to protect the TFC membranes 
from chlorine attack. The membranes have been tested with and without chlorine 
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exposure, and the results show that HFA-containing polyamide has better chlorine 
stability than the reference MPD polyamide. 
 
 Additives 
Adding of additives in the aqueous or organic phase is also largely investigated by 
membrane researchers to improve TFC membranes properties. Different additives have 
different functions in the event of interfacial polymerization. For example, adding of 
surfactant can alter the interfacial polymerization efficiency by assisting the monomer to 
move into the other phase. Or in other cases, some additives can change the chemical 
structure of the interfacially formed thin film layer and affect the resultant membrane 
performances. 
 
Recently, Duan et al. have improved the performance of TFC RO membranes by the 
addition of hexamethyl phosphoramide (HMPA) in the aqueous MPD phase [72]. HMPA 
has the ability to facilitate the diffusion of MPD into the organic phase, leading to a 
thicker reaction zone. The resultant TFC membranes have an increment in both top layer 
thickness and cross-linking degree as compared to the one without HMPA addition. The 
surface hydrophilicity is also observed to increase. With a separation test for 2000 mg/L 
sodium chloride solution at 1.55 MPa, the TFC membranes with 3 wt% HMPA show 
73% increase in water flux while the salt rejection is only scarified by 0.21%. In another 
study, Kim et al. have enhanced TFC membranes water flux up to 5-fold by the addition 
of dimethyl sulfoxide (DMSO) in the aqueous phase during interfacial polymerization 
[73]. The addition of DMSO can alter the chemical composition and degree of cross-
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linking of the formed polyamide layer as characterized by X-ray photoelectron 
spectroscopy (XPS). These changes increase the size and number of polyamide network 
pores, which contributes to the notable enhancement in water flux.  
 
Therefore, the improvement in membrane performances by additive can be very 
impressive. By proper controlling the type and amount of additives, TFC membranes 
with improved separation performances can be developed.  
 
 Porous substrates 
The preferred substrates should have low cost with desirable physical and chemical 
properties. A number of polymer materials have been used to prepare porous substrates 
for TFC membranes. Among them, polysulfone (PS) is still the most widely applied 
material for commercial composite membranes. PS possesses good properties of 
mechanical strength and chemical resistance to hydrolysis and oxidation. However, the 
drawbacks of PS are its hydrophobicity and sensitivity to organic solvents, which limit its 
application in some solvent based processes such as pervaporation. With these concerns, 
efforts have been made to explore other substrates materials. For example, Kosaraju and 
Sirkar have used microporous polypropylene (PP) as the substrate for TFC membranes 
fabrication [74]. Since PP provides superior solvent, chemical and pH resistance, it is 
suitable to produce solvent-stable nanofiltration membranes. Nonetheless, PP is also 
hydrophobic, pre-wetting and pre-hydrophilization are employed to change its surface 
and interior hydrophilicity.  This modification would facilitate the interfacial 
polymerization process as well as water transport during membrane operation. The TFC 
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membranes are tested by nanofiltration of two dyes safranin O and brilliant blue R in 
methanol. A rejection of 88% is achieved for brilliant blue R. Moreover, the solvent 
stability of the membranes is also studied in toluene, and a substantial solvent stability is 
demonstrated. 
 
Huang et al. have prepared porous polyacrylonitrile (PAN) substrates for the preparation 
of TFC membranes for IPA dehydration via pervaporation [75]. In their study, the PAN 
membrane support is hydrolyzed to partially convert –CN groups to –COOH groups. This 
would increase the wettability of the substrate surface when contacting with the aqueous 
amine solution. The formed polyamide TFC membranes exhibit stability and durability 
for pervaporation dehydration of 90 wt% IPA solution at 70 
o
C. This demonstrates the 
suitability of the substrate to be used in solvent condition at elevated temperature.  
 
Recently, a new type of substrate, electrospun nanofibers, is evaluated as the support 
layer for TFC membranes. The advantages of electrospun nanofiber membranes are the 
mechanical strength to withstand significant stresses, the minimizing of internal 
concentration polarization and the suitable surface for interfacial polymerization to form 
a robust selective layer [76]. These properties can somewhat overcome the limitations of 
conventional substrate morphologies. Further studies are still needed to properly design 






2.4.3. TFC membranes for pervaporation application 
 




Although TFC membranes are originally designed for RO and NF processes, the 
application has been extended to pervaporation in recent times. Most of the TFC 
membranes for pervaporation application are currently from Lai‟s group in Taiwan [77-
81]. Different monomers are used in their studies as listed in Table 2.2. Initially, they 
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have investigated the possibility of polyamide TFC membranes prepared from 
triethylenetetramine (TETA) and TMC on hydrolyzed PAN substrate for IPA dehydration 
[55]. It is found the best membrane performance has a permeation rate of 370 g/m
2
-h with 
a permeate water concentration of 95 wt% for the dehydration of 90 wt% IPA/water feed 
solution at ambient temperature. Although the separation performance is not impressive, 
this study reveals the potential of TFC membranes to be a candidate for pervaporation 
process. Later on, they have improved the membranes fabrication techniques and 
produced high performance TFC membranes with the same monomers TETA and TMC 
on hydrolyzed PAN for IPA dehydration [78]. By immersing the substrate in a 0.1 wt% 
TETA aqueous solution for 5 s and then contacting with 0.05 wt% TMC organic solution 
for 10 s, the prepared TFC membrane exhibits the best performance. For the separation of 
a 70 wt% IPA/water mixture at 70 
o
C, the TFC membrane has a permeation rate of 3.4 
kg/m
2
h with a permeate water concentration higher than 99 wt%. This performance is 
superior than most of the polymeric composite membranes in the literature. Following 
that, they have carried on to investigate the annealing effect on the alcohol dehydration 
performances of the prepared TETA-TMC TFC membranes [79]. Two types of annealing 
process are studied, where the first one is the temperature of TETA solution used for 
interfacial polymerization, and the second is the annealing temperature of TFC 
membranes. It is found that a good combination of the two annealing processes can 
greatly improve the separation performance. The change in selective layer structure 
before and after annealing is analyzed by positron annihilation techniques. The results 
show that after annealing the free volume amount is higher and the top layer thickness 
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becomes smaller. This explains the enhancement in the separation performances after 
annealing. 
 
Other than TETA and TMC, some other monomers have also been explored by Lai‟s 
group. Kao et al. have prepared TFC membranes from MPD or sulfonated MPD 
(MPDSA) with TMC for IPA dehydration [80]. The differences of the two TFC 
membranes are characterized by various methods. It is found that MPDSA-TFC 
membranes have a higher cross-linking degree, higher surface hydrophilicity and lower 
active layer thickness than MPD-TFC membranes. These make the former has a higher 
pervaporation flux while maintaining the separation factor. Besides amine monomers, 
different acyl chloride monomers have also been employed to prepare TFC membranes. 
Chao et al. studied TFC membranes prepared from TETA with 5-nitrobenzene- 1,3-dioyl 
dichloride (NTAC) or 5-tert-butylbenzene-1,3-dioyl dichloride (TBAC) [81]. The 
difference between the two acyl chloride monomers lies in the meta positron of the 
aromatic ring, where NTAC has a –(NO2) group and TBAC has a –C(CH3) group as 
shown in Table 2.2. This different chemical structure results in different reactivity of the 
two monomers. Since –(NO2) group has stronger electron withdrawing effect, NTAC 
shows a higher reactivity and leads to a greater degree of interfacially formed polymer 
chain entanglement. Therefore, a higher selectivity is obtained from NTAC-TFC 
membranes for pervaporation dehydration of ethanol.  
 
Currently, the use of TFC membranes in pervaporation is still in the starting stage. The 
huge potential and opportunities of this technology must be further explored. Continuous 
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efforts should be put on the development of high performance TFC membranes with 
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 4000T-MV polyamide-imide was supplied by Solvay Advanced Polymers. The 
chemical structure of Torlon
® 
is shown in Figure 3.1 (A). Ultem
® 
1010 was another 
polymer used in this thesis and supplied by former GE plastics. Its chemical structure is 




Figure 3.1 The chemical structures of (A) Torlon
®









Figure 3.2 The chemical structures of (A) m-phenylenediamine (MPD), (B) 
Hyperbranched polyethyleneimine (HPEI), (C) Trimesoyl chloride (TMC), (D) 3-
glycidyloxypropyltrimethoxy-silane (GOTMS), (E) 
Nonafluorohexylmethyldichlorosilane (ClSi) and (F) Toluene 2,4-diisocyanate (TDI). 
 
The amine monomers for interfacial polymerization were MPD (Figure 3.2 (A)) (Sigma–
Aldrich) and hyper-branched polyethylene-imine (HPEI) (Figure 3.2 (B)) with molecular 
weights of 2 kg/mol, 10 kg/mol (Sigma–Aldrich) and 60 kg/mol (Acro). The reaction 
acyl chloride monomer was TMC (Figure 3.2 (C)) purchased from Sigma–Aldrich. 3-
glycidyloxypropyltrimethoxy-silane (GOTMS) (Figure 3.2 (D)) supplied by Sigma-
Aldrich was used as the inorganic modifier in some of the TFC membranes. 
Nonafuorohexylmethyldichloro silane (ClSi) (Figure 3.2 (E)) supplied by ABCR GmbH 
& Co. KG was used as the inorganic component to synthesize new amine monomer for 
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TFC membranes fabrication. Toluene 2,4-diisocyanate (TDI) (Figure 3.2 (F)) purchased 
from Sigma-Aldrich was used as the cross-linker during some TFC membranes 
preparation. 
 
3.1.3. Organic solvents and other chemicals 
 
N-methyl-2-pyrrolidone (NMP) was purchased from Merck and utilized as the solvent for 
hollow fiber spinning. Ethylene glycol (EG) supplied by Merck was a non-solvent. 
Polyethylene glycols (PEG) with different molecular weights purchased from Sigma–
Aldrich were used as solutes in the solute rejection experiments. The alcohols, including 
methanol, ethanol, IPA and n-butanol, and hexane used in this thesis were analytic grade 
and purchased from Merck. Distilled water was used to prepare the aqueous amine 
solutions 
 
Other chemicals used in the experiments were concentrated hydrochloric acid (HCl) from 
Fisher Scientific, sodium carbonate (Na2CO3), tosyl chloride (TsCl) and acetonitrile 
from Sigma-Aldrich. A Sylgard
®
 184 silicone elastomer kit (PDMS) purchased from 
Dow Corning was used as the coating material for some TFC membranes.  
 
3.2. Spinning of hollow fiber substrates 
 





dried at 120 
o
C under vacuum overnight to remove moisture. Then a desired amount of 
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the dry polymer was dissolved in NMP at 70 
o
C for 1day to form a homogenous solution. 
For some of the dope solutions, non-solvent additives such as EG, methanol or ethanol 
were added. The polymer dope solutions were allowed to cool down to room temperature 
before adding the non-solvent additives to prevent evaporation. The 
polymer/solvent/additive mixtures were then stirred for 12 hours to get a homogenous 
solution.  All the dope solutions were degassed for 1 day before being loaded into an 
ISCO syringe pump.  
 
 
Figure 3.3 Schematic diagram of lab-scale hollow fiber spinning line. 
 
Figure 3.3 presents the schematic diagram of hollow fiber spinning setup used in this 
research with the enlarged spinneret picture. The detailed system description has been 
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documented elsewhere [1-2]. The dope solution and bore fluid were fed into the spinneret 
separately by different ISCO pumps and extruded from the spinneret orifice together. The 
nascent hollow fibers passed through an air gap region before entering into the water 
coagulation bath. The fibers were taken up by a drum with a certain rotating speed. After 
that, the fibers were rinsed in a clean water bath for at least 3 days to remove the residual 
NMP solvent with the water changed daily. Then, the fibers were solvent exchanged for 
three times by each methanol and hexane and dried in air for usage. The detailed dope 
compositions and spinning parameters vary for each substrate and will be described later 
in each chapter. 
 
3.3. Preparation of TFC membranes 
 
Generally, to prepare the TFC membrane by interfacial polymerization, the amine 
monomer and acyl chloride monomer TMC were dissolved in distilled water and hexane 
respectively to get the aqueous and organic phase. The interfacial polymerization reaction 
was carried out on the outer surface of the hollow fiber substrates. One end of the fiber 
was sealed by expoxy before immersing in the 2 wt% aqueous amine solution for a 
designated time at room temperature. After the fiber was blotted with tissue paper, it was 
dipped into the 0.1 wt% TMC solution to carry out interfacial polymerization. The 
detailed interfacial polymerization parameters will be elaborated in each chapter 
individually. 
 
3.4. Material and membrane characterization 
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3.4.1. Scanning electron microscopy (SEM) 
 
The morphologies of the hollow fiber substrates and TFC membranes were observed by 
scanning electron microscopy (SEM JEOL JSM-5600LV) and field emission scanning 
electron microscopy (FESEM JEOL JSM-6700LV). For cross-section observation, the 
SEM samples were prepared by fracturing the pre-dried hollow fiber in liquid nitrogen 
and coated with platinum using a JEOL JFC-1200 ion sputtering device. 
 
3.4.2. Pore size distribution 
 
The mean pore size and pore size distribution of some hollow fiber substrates were 
measured and characterized by solute rejection experiments [3]. Briefly, four different 
molecular weights of polyethylene glycol (PEG) were dissolved in de-ionized water and 
allowed to pass through the shell side of the hollow fiber module. The solute rejection RT 
(%) for each size of the PEG was calculated by the following equation: 
              
  
  
                                                             (3.1) 
where cp and cf are the PEG concentrations in permeate and feed solution, respectively. 
The size of each PEG molecule can be expressed in terms of the Stokes radius rs [4]: 
                                                                 (3.2) 
where MW is the molecular weight of PEG. Once the relationship between solute 
rejection value and PEG molecular size was obtained from equations (3.1) and (3.2), the 
mean pore size of the hollow fiber substrate can be determined as the Stokes radius when 




3.4.3. Fourier transform infrared spectrometer (FTIR) 
 
FTIR-ATR (Perkin-Elmer Spectrum 2000 FTIR spectrometer) was used to characterize 
the chemical structure of the hollow fiber substrates and TFC membranes.  An average of 
16 scans was collected as the spectrum. 
 
3.4.4. Atomic force microscope (AFM) 
 
To understand the roughness and topology of the resultant TFC membrane surface, a 
Nanoscope IIIa atomic force microscope (AFM) from Digital Instruments Inc was used. 
The mean roughness (Ra) was calculated based on the AFM measurement. 
 
3.4.5. X-ray photoelectron spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS, Kratos AXIS His spectrometer) was employed 
to identify the difference in surface elements between TFC membranes prepared from 
different types of amines. 
 
3.4.6. Contact angle measurement 
 
To study the surface hydrophilicity of the resultant TFC membranes, the water contact 




3.4.7. Vapor sorption measurement 
 
A lab-scale kinetic sorption setup was utilized to measure the vapor sorption 
characteristics of Ultem
®
 hollow fibers. The detailed schematic diagram and procedure 
can be found elsewhere [5]. Ultem
®
 hollow fiber samples were dried under vacuum, 
weighted by a microbalance, cut into small pieces of about 10 mg and put in a plate 
which was hung on a quartz spring in the sorption chamber. The solvent vapor was then 
generated from a 10 L liquid vessel by nitrogen at 35 
o
C. The evolution of quartz spring 
length was monitored with the aid a Basler camera during sorption tests and the sorption 
amount was calculated by the weight gain as follows:  
                           Sorption (g/g membrane) = (Ms – Mo) / Mo                                        (3.3) 
where Mo and Ms are the membrane weights at initial state and sorption equilibrium, 
respectively. 
 
3.4.8. Energy dispersive spectrometry (EDX) 
 
Elemental mapping of the prepared organic-inorganic TFC membrane surface was carried 
out by X-ray energy dispersive spectrometry (EDX) to examine the change in silica 
distribution using an Oxford INCA energy dispersion of X-ray system together with a 
super ultrathin window (SUTW) connected to a scanning electron microscopy (SEM 




3.4.9. Wide angle X-ray diffraction (XRD) 
 
To understand the change in the inter-chain spacing of TFC membranes, a wide angle X-
ray diffraction (GADDS WXRD system, Bruker D8 advanced diffractometer) was 
performed at room temperature. The measurement covers a scan range of 2θ = 2.0 to 
33.5
o
 with a Ni-filtered Cu-Kα radiation at a wavelength λ = 1.54 Å. The average chain 
spacing can be interpreted as d-spacing, which is determined based on Bragg‟s law: 
                                                                      (3.4) 
where n is an integral number (1, 2, 3…), λ is the X-ray wavelength, d is the dimension 
spacing and θ is the diffraction angle. 
 
3.4.10. Nuclear magnetic resonance (NMR) 
 
The chemical structures of the original monomer MPD and the synthesized new 
monomer were characterized by 
1
H NMR analyses. A Bruker 400 FT-NMR spectrometer 
at a resonance frequency of 400 MHz was used and both samples were dissolved in 
deuterated methanol. The chemical shifts were given in parts per million units. 
 
3.4.11. Themogravimetric analyses (TGA) 
 
The thermal degradation of two polyamide films was monitored by themogravimetric 
analyses (TGA) with a TGA 2050 10 themogravimetric analyzer (TA Instruments). The 
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analyses were carried out with a ramp of 10 
o
C in a temperature range of 50 to 800 
o
C, 
under a nitrogen environment. 
 
3.4.12. Slow beam positron annihilation spectroscopy (PAS) 
 
 
Figure 3.4 Schematic diagram of Slow beam positron annihilation spectroscopy (PAS) 
setup. 
 
Slow beam positron annihilation spectroscopy (PAS) is a powerful technique to 
characterize polymeric membranes at atomic scale. Information such as free volume size, 
size distribution and fractional free volumes can be obtained from this method [6]. The 
advance in PAS technique enables the studies of morphology and depth profiles of an 
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asymmetric membrane from top surface to the bulk. Figure 3.4 shows the PAS setup in 
our lab.  
 
In this research, PAS experiments were carried out to study the variation of free volume 
in pre-dried TFC membranes. One of the spectrometers, positron annihilation lifetime 
spectroscopy (PALS) was used to quantitatively study the free volume properties. The 
obtained PALS data were analyzed and fitted into a three lifetime components model 
using the PATFIT program which assumes that the logarithm of the lifetime for each 
component accords with Gaussian distribution [7]. The third lifetime component τ3 
resulted from ortho-positronium (o-Ps) annihilation and its intensity I3 can be determined 
from the fitting. τ3 is in the range of 1-5 ns for polymeric membranes and usually used to 
calculate the mean free volume radius; while I3 is directly related to the amount of free 
volume in membrane morphology since the quantity of o-Ps annihilation with electrons in 
micro-cavities may correlate to the free volume [8].  
 
Doppler broadening energy spectroscopy (DBES), one of the PAS spectrometers, was 
used to qualitatively and quantitatively investigate the differences in free volume and 
thickness of the TFC polyamide selective layers. The DBES spectra were generated by a 
variable monoenergy slow positron beam as a function of positron incident energy (0-30 
keV) under an ultra-high vacuum of ~10
-7
 torr. Two of the characteristic parameters of 
DBES spectra, S parameter and R parameter were employed in this research. S parameter 
was defined as the ratio of the integrated counts at the central part between 510.3 keV 
and 511.7 keV of the annihilation gamma photo line to the total counts from the 511 keV 
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peak region (due to 2γ annihilation) [8]. Three main factors can contribute to the S 
parameter, which are the amount of free volume, the size of free volume and the chemical 
environment of the polymers. Generally, S parameters represent free volumes in nm scale 
[9]. R parameter was defined as the ratio of the total counts from an energy width 
between 364.2 and 496.2 keV (due to ortho-positronium (o-Ps) 3γ annihilation) to the 
total counts [8]. It can be used to measure the existence of larger pores in polymeric 
membranes. In order to estimate the variation in dense layer thickness, the S parameter 
and P parameter data against positron incident energy were fitted using the well 
established variable energy positron fitting (VEPFIT) computer program [10-11]. 
VEPFIT is the abbreviation of Variable Energy Positron Fitting. It is a software package 
to solve the slow positron beam problem in positron emission, positron surface trapping, 
positron implantation, diffusion, drifting and trapping in materials. VEPFIT takes the 
Makhovian distribution of positron energy into consideration and also includes surface 
annihilation and epithermal positron/positronium diffusion into its fitting algorithm. 
Layer structure models are imbedded in the program. By using the VEPFIT program, the 
free volume variation along the depth of membranes can be estimated [8]. 
 
3.5. Pervaporation experiments 
 
Figure 3.5 shows the lab scale hollow fiber pervaporation setup and the detailed 
apparatus has been depicted elsewhere [12]. For both ethanol and IPA dehydration, a 2-
liter feed solution of 85/15 wt% alcohol/water mixture was circulated through the shell 
side of the hollow fiber, with a flow rate of 30 L/h. The variation of the feed 
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concentration was less than 1 wt% and hence can be considered as constant during the 
entire experiment because of the large feed quantity compared with the permeate sample. 
The lumen side of the hollow fiber was connected to vacuum, which was the permeate 
side. The feed temperature was controlled at 50 
o
C, or 65 and 80 
o
C in some cases. The 
permeate side pressure was always maintained below 2 mbar. The system was 
conditioned for 2 hours to ensure that the membrane was stabilized before the collection 
of the permeate samples [13]. The sample from permeate side was condensed in a cold 
trap immersed in liquid nitrogen and collected at a time interval of 1 h. The mass of the 
collected sample was weighed by a Mettler Teledo balance. The compositions of the feed 
and permeate samples were determined by a Hewlet-Packard GC7890 with a HP-
INNOWAX column (packed with cross-linked polyethylene glycol) and a TCD detector. 
At least three permeate samples were collected and their average was reported as the 
pervaporation performance. The flux (J) and separation factor (α1/2) were calculated. In 
some cases, the permeance (Pi/l) and selectivity (β) were also computed. 
 
In order to make sure the reproducibility of the pervaporation performance of the TFC 
hollow fiber membranes, repeated pervaporation tests were performed for some 
membranes prepared. Deviations in terms of pervaporation flux and separation factor 
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MOLECULAR DESIGN OF THIN FILM COMPOSITE (TFC) HOLLOW FIBER 




As an important solvent and cleaning agent, isopropanol (IPA) is produced and used 
widely in modern semiconductor and microelectronic industries [1]. IPA is also a raw 
material or chemical intermediate to produce weed killer, rubbing alcohol, vitamin B12 
and many others [2]. Furthermore, IPA can be potentially used as a clean liquid fuel that 
helps to address the issues of global oil depletion and carbon dioxide rise [3]. All the 
aforementioned applications involve separation of water from IPA. Therefore, dewatering 
becomes a critical issue in the production and recycle process of IPA. 
 
However, due to the formation of azeotropic mixture of IPA and water, the purification 
and dehydration of IPA become impossible or economically impractical through 
conventional distillation or solvent extraction methods. Alternatively, pervaporation has 
progressively become a prospective separation technique because of the advantages of 
energy efficiency, environment benign and easy operation [4-6].  
 
Membrane is the key component for the success of pervaporation process. In order to 
achieve a high permeation flux and a good separation factor, an ideal membrane material 
should intrinsically possess high solubility selectivity and high diffusivity selectivity. In 
addition, the desirable membrane morphology must consist of an ultrathin dense selective 
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layer with minimal defects and a porous substructure, where the dense selective layer 
provides the separation function, while the porous substrate offers the mechanical 
strength. The substrate morphology may play an important role determining the 
separation efficiency. In addition to mechanical strength, the preferred substrate should 
have characteristics of low cost, good chemical resistance and low swelling in the feed 
solution. Two types of asymmetric pervaproation membranes have been developed; 
namely, (1) wholly integrated asymmetric membranes made of the same material [7-8] 
and (2) composite membranes consisting of different materials for the dense selective 
layer and the porous substrate [9-13]. Since only a very small amount of expensive 
materials with superior performance is used as the ultrathin selective layer, composite 
membranes are cost effective and hold great potential for commercialization [14-15]. 
 
Thin film composite (TFC) membranes are one type of composite membranes. Initially, 
TFC membranes were largely used for reverse osmosis (RO) [16-20] or nanofiltration 
processes [21-25]. There are also a few reports using TFC flat-sheet membranes for 
pervaporation [26-28], but very limited TFC hollow fiber membranes have been studied 
for pervaporation [29]. The conventional TFC membranes are generally prepared via 
interfacial polymerization technique, where monomers in two immiscible phases react on 
the porous substrate surface and a thin selective layer is formed in situ on top of the 
substrate. The interfacial polymerization technique is a simple and easy way to obtain an 
ultra-thin active layer on a membrane substrate at room temperature because of the high 
reactivity of monomers. It has been reported that the interfacially polymerized selective 
layer can be as thin as 20 nm [30]. Moreover, the selective layer thickness, pore size and 
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porosity can be optimized by the proper selection of monomers and polymerization 
conditions.  
 
In present work, we aim to develop a novel TFC hollow fiber membrane comprising a 
polyamide selective layer upon a porous polyamide-imide substrate for isopropanol 
dehydration via pervaporation. Polyamide, equipped with their good mechanical strength, 
thermal and chemical stabilities, is a promising membrane material for pervaporation 
dehydration [31-32]. Different from conventional interfacial polymerization to form the 
polyamide layer, where MPD and TMC are often used [33-34], we intend to molecularly 
design the pervaporation membranes using HPEI with different molecular weights and 
TMC for interfacial polymerization and to compare their performance with the traditional 
polyamide TFC layer. Because HPEI is a highly branched monomer, it may create a 
larger fractional free volume in the selective layer and can effectively enhance the 
pervaporation performance of the resultant TFC membrane. In addition, commercial 
polyamide-imide polymer, Torlon
®
 4000T-MV, is chosen as the substrate material for its 
superior mechanical property, excellent solvent stability, and good adhesion with the 
selective polyamide layer [35]. One may eliminate the tedious and expensive 
pretreatment step that has been often adopted for other substrate materials such as 
polyacrylnitrile (PAN) [36] in order to eliminate the delamination between the substrate 
and the selective layer. Three hollow fiber substrates with different morphologies are 
designed. The effects of surface pore size and sub-structural morphology on the 
formation of thin polyamide layer and the pervaporation performance of the resultant 
TFC membranes are discussed. The optimal interfacial polymerization reaction condition 
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has been searched in order to achieve a good separation performance. A post methanol 
treatment is also employed to enhance the pervaporation performance with the aid of 
slow beam positron annihilation spectroscopy (PAS) to investigate the mechanism of flux 
enhancement. To our best knowledge, this may be the first work that systematically 
studies the effects of hollow fiber substrate, amine monomer, polymerization conditions 
and post methanol treatment on the formation and separation performance of TFC 
membranes. This study may provide useful insight and guidelines to design next-
generation high performance TFC hollow fiber membranes for pervaporation. 
 
4.2. Experimental 
4.2.1. Spinning of hollow fiber substrates 
 
Table 4.1 Spinning conditions of the three Torlon
®







 hollow fibers were prepared as substrates for the formation of 
TFC membranes. Table 4.1 summarizes the hollow fiber spinning parameters and the 
detailed description of spinning procedures can be found in chapter 3.  
 
4.2.2. Preparation of TFC membranes 
 
To prepare the TFC membrane by interfacial polymerization, four different amines, MPD, 
HPEI with molecular weights of 2 kg/mol (HPEI-2K), 10 kg/mol (HPEI-10K) and 60 
kg/mol (HPEI-60K), were used in the aqueous phase. The detailed interfacial 
polymerization parameters are listed in Table 4.2. The as-fabricated TFC hollow fiber 
membrane was dried under vacuum over night at room temperature.  
 
Table 4.2 Interfacial polymerization conditions of the TFC membranes. 
 
 
In this work, MPD was used as the amine solution to examine the effect of different pore 
sizes of Torlon
®
 substrates on interfacial polymerization and pervaporation performance 
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of the resultant TFC membranes for IPA dehydration. The effect of post methanol 
treatment on TFC fibers was also studied by immersing them in methanol for 2 minutes 
after the interfacial polymerization process. The fibers were then dried under vacuum 
over night at room temperature. 
 
4.3. Results and discussion 
4.3.1. Characterization of the formation of the polyamide layer on polyamide-imide 
substrate 
 
To confirm the formation of the polyamide selective layer on top of the polyamide-imide 
substrate, pervaporation tests are carried out using (1) the pristine Torlon
®
 hollow fiber 
(i.e., the Torlon-2 substrate) and (2) the TFC membrane prepared by thin film 
polymerization on the Torlon-2 substrate for dehydration of an 85/15 wt% IPA/water 
feed solution. The pervaporation flux for the pristine Torlon
®
 hollow fiber is 2530 g/m
2
-h 
but the separation factor is very low (i.e., about 8) with a permeate water concentration of 
59.1 wt%. After interfacial polymerization with MPD and TMC on the Torlon
®
 substrate, 
the resultant TFC membrane shows a much enhanced separation factor of 53 with a 
slightly lower flux of 1374 g/m
2
-h. The significant increase in the separation factor is 
because of the formation of a thin polyamide selective layer after the interfacial 
polymerization [37].  
 
We also notice that, in spite of a high molecular weight cut off (MWCO) of about 43k (as 
shown in Table 4.3) of the pristine Torlon substrate in this study, which falls in to an 
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ultrafiltration range, it still shows some selectivity during pervaporation dehydration of 
IPA. It is probably caused by the following two factors. Firstly, the pores on membrane 
surface are not monodisperse. A large fractional of small pores on the surface could 
contribute the membrane selectivity towards water. Secondly, different from the 
membranes used for the MWCO tests which are fully swollen by water, the membranes 
during pervaporation tests has only one side contacting the feed liquid and the other side 
under vacuum in the dry state. Therefore, the real membrane morphologies under the two 
tests may have some slight differences. 
 
Table 4.3 Mean effective pore radius (rp), geometric standard deviation (p), molecular 
weight cut off (MWCO) of the three Torlon
®
 hollow fiber substrates. 
 
 
The chemical reaction mechanism between MPD and TMC to form the polyamide layer 
is proposed in Figure 4.1 [38] and confirmed via FTIR characterization. The FTIR 
spectra before and after interfacial polymerization are shown in Figure 4.2. Torlon
® 
polyamide-imide has characteristic imide group peaks at wave numbers of around 1782 
and 1738 cm
-1
 due to the C=O stretching and 1328 cm
-1
 due to the C-N stretching. 
However, it also has amide groups with characteristic peaks at around 1660 cm
-1
 due to 
the C=O stretching and 1521 cm
-1
 due to the N-H stretching [39]. After interfacial 
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polymerization, the intensity of the imide peaks decreases while the intensity of the 
amide peaks increases as can be seen from Figure 4.2, since more polyamide is produced 
via interfacial polymerization. The results imply the formation of a polyamide active 
layer after interfacial polymerization. FESEM images of the membrane surface before 
and after interfacial polymerization are also investigated and shown in Figure 4.3. We 
can see that the membrane surface is quite smooth before interfacial polymerization, 
while some small round and worm-like nodules can be clearly observed on the membrane 




Figure 4.1 Interfacial polymerization mechanism of polyamide formation from the 






Figure 4.2 FTIR spectra of the pristine Torlon
®
 hollow fiber substrate and the TFC 
membrane after interfacial polymerization. 
 
 
Figure 4.3 FESEM images of the membrane surface of (A) pristine Torlon
®
 hollow fiber 




4.3.2.  Effect of Torlon
® 
substrate morphology on pervaporation performance of the 
resultant TFC membrane 
 
The characteristics of the porous substrate for the interfacially polymerized TFC 
membranes play important roles in determining the membranes‟ physicochemical 
properties and the separation performance. The substrate has to be strong to provide 
mechanical support and stable to resist organic solvents, which are usually determined by 
the intrinsic properties of the substrate material. Besides, the surface pore geometry and 
the cross-section morphology of the substrate can also influence the formation of the top 
selective as well as the final separation performance of the TFC membrane. 
 
In this study, TFC membranes are prepared with three Torlon
®
 substrates; namely, 
Torlon-1, Torlon-2 and Torlon-3, with different morphologies. To address the effect of 
Torlon
® 
substrate morphologies on pervaporation performance of the resultant TFC 
membranes, the three substrates are characterized to illustrate their differences. The mean 
effective pore size at solute rejection RT equal to 50% (rp), the geometry standard 
deviation (p) and the molecular weight cut off (MWCO) are calculated [40] and listed in 
Table 4.3. It can be seen that the surface pore sizes and MWCO values of these three 
substrates follow an order of Torlon-1 > Torlon-2 > Torlon-3. In addition, the 
morphologies of the substrates are observed under FESEM or SEM and shown in Figure 
4.4. The results show that Torlon-1 hollow fiber has a porous surface while Torlon-2 and 





Figure 4.4 FESEM images of the cross-section and membrane surface of the three 
Torlon
®
 hollow fiber substrates: (A) Torlon-1, (B) Torlon-2 and (C) Torlon-3. 
 
The pervaporation performance of the TFC membranes synthesized from MPD and TMC 
on the three different Torlon
® 
substrates are tabulated in Table 4.4. Their separation 
factors follow an increasing order: Torlon-1 < Torlon-2 < Torlon-3, while the flux 
follows a decreasing order of Torlon-1 > Torlon-2 > Torlon-3. Interestingly, we find the 
order of separation factor coincides with the reserve order of surface pore size of the 
three substrates, i.e., the smaller the surface pore size, the larger the separation factor for 
the resultant TFC membrane. It is because that, when the substrate surface pore size is 
small, a uniform and less defective thin polyamide selective layer can be formed on top 
of the substrate [41]. On the contrary, when surface pore size is large, the attaching of the 
amine monomer onto the surface is not homogenous, and some of the large pores may not 
be covered by the monomers. As a consequence, the resultant polyamide thin layer is 
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uneven with a rough and defective surface, leading to the low separation factor of the 
resultant TFC membranes.  
 
Table 4.4 Effect of Torlon
®
 hollow fiber substrate on pervaporation performance of the 
MPD-TMC TFC hollow fiber membranes. 
 
 
Table 4.5 Surface roughness of the MPD-TMC TFC hollow fiber membranes based on 
different Torlon
®
 hollow fiber substrates. 
 
 
Table 4.5 summarizes the surface roughness characterized by AFM as a function of mean 
pore size for the three TFC membranes to support the above argument. Three roughness 
parameters; namely, root mean square roughness (Rms), average roughness (Ra) and 
maximum roughness (Rmax) all follow a decreasing order from Torlon-1 to Torlon-2 and 
to Torlon-3, which aligns exactly with the decreasing order of their substrate surface pore 
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sizes.  This supports our above proposition that a substrate with a larger substrate surface 
pore size will result in the formation of the rougher and non-uniform polyamide layer 
after interfacial polymerization.  
 
As to the order of the permeation flux of the TFC membranes based on three Torlon
®
 
substrates, except the surface pore size of the substrates, another important factor is the 
sub-layer morphology of the hollow fiber substrates. As we can be seen from Figure 4.4, 
Torlon-2 has a morphology with a lot of macrovoids in the sub-layer, while the other two 
do not have. A macrovoid structure may generally constitute less sub-structural resistance 
than a macrovoid-free structure for the mass transport of permeates across the membrane 
and therefore results in a higher permeation flux [42].  
 
4.3.3. Effect of amine type on pervaporation performance of fabricated TFC 
membranes 
 
Two different types of amine, MPD and HPEI-2K, are used to react with TMC to form 
the thin film polyamide layer via interfacial polymerization on the Torlon-2 hollow fiber 
substrate. Table 4.6 shows that the TFC membrane prepared from HPEI-2K has a higher 
permeation flux and a relatively lower separation factor than that from MPD. According 
to the PALS analyses, both membranes have almost the same selective-layer thickness of 
about 53-54 nm. The higher separation performance is probably contributed by the higher 
surface hydrophilicity and fractional free volume of the TFC membrane prepared from 
the HPEI-2K amine. Since the nitrogen content in the MPD molecule (25.93 wt%) is 
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lower than that of the HPEI-2K molecule (30.74 wt%) as shown in Figure 3.2, the formed 
polyamide selective layers would have different nitrogen content. In addition, MPD and 
HPEI have different sizes, but the highly branched structure of HPEI monomers may 
have a greater probability to result in the polyamide layer with a higher fractional free 
volume than that from MPD. 
 
Table 4.6 Effect of amine type on pervaporation performance of the resultant TFC 
hollow fiber membranes. 
 
 
To support the above hypotheses, XPS characterization, water contact angle 
measurements and PALS are carried out on the membrane surface of the pristine Torlon
®
 
substrate and TFC membranes prepared from two different amines. The surface elemental 
analysis studied by XPS is listed in Table 4.7. The nitrogen content on the surface of the 
pristine Torlon-2 hollow fiber is 5.77 wt%, which is consistent with the theoretical data. 
While for the TFC membrane prepared from MPD, the nitrogen content on membrane 
surface increases to 14.08 wt%, indicating the successful formation of a polyamide layer 
on the substrate. On the other side, the nitrogen content on the surface of the TFC 
membrane prepared from HPEI-2K under the same interfacial polymerization condition 
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increases to 16.81wt%. This value is much higher than the one prepared from MPD 
because of the higher amine concentration in HPEI-2K molecules. As a result, the TFC 
membrane prepared from HPEI-2K is more hydrophilic. However, the higher 
hydrophilicity may cause the higher degree of membrane swelling during the 
pervaporation and lead to an enhanced permeation flux but a lower separation factor.  
 
Table 4.7 XPS and water contact angle characterizations of the pristine Torlon
®
 hollow 
fiber substrate and TFC membranes prepared with two different amines. 
 
 
Table 4.7 also tabulates the water contact angles of the TFC membranes. The advancing 
water contact angle for the pristine Torlon-2 fiber is 73.9±1
o
. The contact angle decreases 
to 63.1±2.5
o
 for the TFC fiber utilizing MPD as the amine due to the formation of a 
hydrophilic polyamide thin layer on the surface of the substrate. Consistent with 
aforementioned XPS data, the membrane synthesized from HPEI-2K as the amine has a 
contact angle of 45.8±5
o
 because of the higher amount of amide groups formed. An 
increase in hydrophilicity means an enhanced affinity of the membrane with water 
molecules, which is favorable for the sorption of water molecules onto the membrane and 




Another reason that attributes to the higher separation performance of the TFC membrane 
prepared from HPEI-2K is the higher fractional free volume in the polyamide selective 
layer as compared to that from MPD, which is characterized by PALS experiments. The 
o-Ps lifetime τ3 and its intensity I3 obtained from PALS analyses correspond to the size 
and concentration of the free volume, respectively. The mean free volume radius and 
fractional free volume are calculated according to established semiempirical correlation 
equations [44-45] from the pick-off annihilation [46]. As shown in Table 4.8, the mean 
free volume sizes of the two polyamide layer prepared from MPD and HPEI-2K are 
similar, while the fractional free volume of the later is 30% larger than the former. This is 
because of the highly branched structure of HPEI-2K molecule which disrupts the 
packing of polymer chains and creates more free volume. A larger free volume in 
polyamide selective layer will facilitate diffusion of permeate molecules and produces a 
higher permeation flux. In fact, the free volume distribution may be different along 
membrane cross-section, and the degree of swelling in pervaporation membranes may 
decrease from the top to the bottom surface. However, this is very difficult to be 
quantified. Firstly, our current equipment has the limitation for carrying out wet-state 
PALS tests. The free volume of the membranes at a swollen state measured by PALS 
would be a more meaningful data as pointed by Huang et al [47]. Secondly, for the TFC 
composite membrane in this study, the polyamide selective layer formed on the substrate 
is very thin, and the polyimide material of the substrate layer cannot be analyzed by 
PALS accurately [48]. It is thus not feasible to further analyze this thin selective layer in 








The molecular weight of the employed amine HPEI can also affect pervaporation 
performance. Table 4.9 shows the pervaporation performance of TFC membranes 
prepared with three HPEI amines of different molecular weights under the same 
interfacial polymerization condition. The results show that, the higher the HPEI 
molecular weight, the higher the permeation flux and the lower the separation factor. This 
phenomenon is probably due to the fact that that HPEI with a lower molecular weight 
tends to form a solution with a lower viscosity as compared to the one with a higher 
molecular weight [49]. Thus the former may diffuse into the substrate faster and easier 
than the latter. In addition, TMC molecules may have greater difficulties to diffuse into 
the HPEI solution with a higher viscosity. Moreover, HPEI with a higher molecular 
weight would have a lower reactivity with TMC. Hence the interfacial polymerization 
rate will be slower and the formed polyamide thin film would have more defects when 
HPEI is used as the monomer. Furthermore, HPEI with a higher molecular weight has a 
longer molecular chain and higher chain flexibility than that with a low molecular weight. 
Therefore, the chain packing of the polyamide layer synthesized from the former is not as 
dense as that from the latter. As a consequence, the former has a higher pervaporation 




Table 4.9 Effect of HPEI molecular weight on pervaporation performance of the 
resultant TFC hollow fiber membranes. 
 
 
4.3.4. Effect of interfacial polymerization conditions on pervaporation performance of 
the resultant TFC membranes 
 
To form a thin film selective layer on the membrane substrate via interfacial 
polymerization, the polymerization condition plays an important role on the morphology 
and final separation performance of the resultant TFC membrane. The operation 
parameters for the interfacial polymerization include immersion time of the substrate in 
the amine (or TMC) solution, polymerization temperature, etc. In this work the 
immersion time of the substrate (Torlon-2) in both the HPEI-2K amine solution and TMC 
solution are investigated. 
 
Table 4.10 gives the pervaporation results of the TFC hollow fibers prepared from 





 substrate in the aqueous HPEI-2K solution increases from 2 minutes to 30 
minutes, the permeation flux decreases and the separation factor increases. This result is 
expected since a higher immersion time means a higher amount of HPEI-2K available on 
the substrate surface, facilitating a higher degree of cross-linking reaction during the thin 
film polymerization with TMC, as described by the reaction mechanism in Figure 4.5. 
Thus, a higher polyamide amount is resulted on the Torlon
®
 substrate. However, a higher 
degree of cross-linking reaction also means a denser and thicker polyamide selective 
layer. Therefore, the separation factor is improved while the permeation flux is sacrificed 
correspondingly. Similarly, when the immersion time in the organic TMC solution 
increases from 1 minute to 3 minutes, a longer immersion time facilitates the complete 
reaction of interfacial polymerization and consequently leads to the decrease in 
permeation flux and the increase in separation factor.  
 
Table 4.10 Pervaporation performance of the TFC membranes prepared from different 






Figure 4.5 Interfacial polymerization mechanism of polyamide formation from the 
reaction between HPEI and TMC. 
 
In overall, through an optimized interfacial polymerization of the polyamide selective 
layer by immersing the substrate in the HPEI-2K solution for about 180 minutes and 
TMC solution for about 3 minutes, the resultant TFC membrane can achieve a good 
separation factor of 624 and a permeation flux of 1284 g/m
2
-h during pervaporation at 50 
ºC by using a mixture of 85/15 wt% IPA/water as the feed. 
 
4.3.5. Effect of the post methanol treatment 
 
Post treatment of membranes by short-chain aliphatic alcohols has been employed to 
enhance membrane performance for gas separation and water desalination [50-51]. In Tin 
et al‟s work, methanol was used to treat polyimide gas membranes and successfully 
increased the gas permeability by 106% compared with the untreated membrane [50].  In 
Louie et al‟s study, they applied ethanol treatment to the PEBAX-coated membrane for 
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reverse osmosis and the water flux was increased by 70% [51]. The membrane swelling 
by methanol or ethanol and the increase in free volume are believed to be the reasons for 
the permeability improvement. The disruption of polymer chain-chain hydrogen bonding 
may be another factor [50-54]. 
 




Since the TFC hollow fiber prepared from HPEI-2K at the optimal condition has a good 
separation factor but a relatively low permeation flux, post treatment is carried out on this 
TFC membrane with methanol in order to investigate its effect on pervaporation 
performance. The methanol treated membrane shows a 1.5 folds increment in 
pervaporation flux from 1282 g/m
2
-h to 1920 g/m
2
-h, while the separation factor drops 
from 624 to 349. However, the permeate water concentration decreases only slightly from 
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99.1 wt% to 98.4 wt%. Table 4.11 shows a comparison of the newly developed 
membranes with other reported polymeric membranes [7, 42, 55-62]. Both with and 
without methanol treated TFC membranes show superior fluxes in spite of slightly lower 
separation factors. This improvement is probably because of the morphology of the 
composite hollow fiber membrane with a thin selective layer formed on the substrate 
through interfacial polymerization. In addition to the effect of methanol-induced swelling, 
the other possible reason behind the enhanced flux is that methanol washes away the un-
reacted monomers in the thin layer [63], which may induce further cross-linking reaction 
after thin film polymerization to thicken the thin selective layer. Therefore, washing away 
the remained un-reacted monomers could contribute to a higher flux but a possible lower 
separation factor. 
 
In order to validate the hypothesis that the post methanol treatment reduces the selective 
layer thickness of the TFC membrane, PAS measurements are carried out. PAS is a 
powerful technique to measure the free volume variation and depth profile in polymeric 
materials. Figure 4.6 shows the change of S parameter of the TFC hollow fiber 
membranes before and after post methanol treatment, as a function of incident positron 
energy, which determines the penetration depth of the positron into the membrane surface. 
For both cases, it can be seen that S value near the surface increases rapidly with 
increasing positron incident energy. This phenomenon is typical due to the back diffusion 
and scattering of positronium annihilation. After the rapid increase, S parameter reaches 
its maximum value at around 2 keV and 1.5 keV for the TFC membranes before and after 
post methanol treatment respectively. Following by that, S value decreases gradually and 
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reaches a flat region. Since S parameter is an indication of low momentum electrons that 
associated with positron annihilation, these variations in S parameter reflect a free 
volume change in the composite membrane. This change can be represented by the 
multilayer structure in the membrane, and fitted using the three-layer model [36]. 
Through this model, basically there are 3 layers in the membrane morphology: The first 
layer is dense polyamide layer, where S parameter increases to a maximum. The second 
layer can be a transition layer from the polyamide layer to the Torlon
®
 substrate, where S 
parameter decreases gradually. The third layer will be the Torlon
®
 substrate that 
quenches the positronium due to the strong electron affinity of imide groups [48], where 
S parameter reaches a minimum and flat region. 
 
 
Figure 4.6 S parameter as a function of position incident energy of TFC hollow fiber 




The three-layer model also works well during the VEPFIT fitting process. The fitted S 
value has been plotted in Figure 4.6 and a good match with the original S parameter is 
achieved. Table 4.12 gives the S parameter, S1, and thickness, L1, of the first layer based 
on the multilayer analysis from the VEPFIT program, respectively. The S1 value of the 
membrane before methanol treatment is larger than the one after methanol treatment. 
This infers a larger free volume in the former membrane due to the presence of un-
reacted monomers. Nonetheless, after methanol treatment, the thickness of the dense 
polyamide layer becomes smaller than that of the original one (L1 = 91.2±9.3 nm vs. L1 = 
131.8±11.9 nm). A smaller thickness lowers the mass transfer barrier and results in a 
higher permeation flux during pervaporation. This aligns well with our experimental 
results.  
 








We have fabricated thin film composite hollow fiber membranes consisting of a 
polyamide selective layer and a Torlon
®
 substrate layer for pervaporation dehydration of 
IPA. The following conclusions can be made from this study:  
 
(1) Three polyamide-imide hollow fibers with different surface pore sizes have been 
employed as substrates to fabricate TFC membranes. It is found that the Torlon
®
 
substrate with a finer surface pore size would result in the TFC membrane with a 
higher separation factor but a lower permeation flux because of the formation of a 
uniform and less defective selective outer layer on the substrate.  
(2) The effect of amine monomers, MPD and HPEI-2K, on pervaporation performance of 
the fabricated TFC membrane is compared. The TFC membrane prepared from HPEI-
2K shows a better permeation flux than that made from MPD because the former 
produces the polyamide selective layer with higher hydrophilicity and fractional free 
volume than the latter. 
(3) The molecular weight of HPEI is also found to affect the pervaporation performance 
of the resultant TFC membranes. The higher the HPEI molecular weight, the larger 
the permeation flux and the smaller the separation factor.  
(4) The interfacial polymerization condition has been optimized to obtain a good 
separation factor. With an increase in immersion time in the amine solution or TMC 
solution, the permeation flux decreases and the separation factor increases because of 
a higher degree of cross-linking reaction during the thin film polymerization at a 
longer immersion time.  
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(5) The TFC hollow fiber with post methanol treatment shows a 1.5 folds increment in 
permeation flux and a minor drop in separation factor since the post methanol 
treatment washes away the remaining un-reacted monomers and results in a thinner 
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NOVEL ORGANIC-INORGANIC THIN FILM COMPOSITE MEMBRANES 
WITH SEPARATION PERFORMANCE SURPASSING CERAMIC 




With diminishing oil reserves and the escalating energy demand, the world needs 
sustainable energy sources urgently. Among many alternative energy sources, biofuel has 
grown rapidly and received worldwide attention [1]. Biofuel consists of biogas, 
bioalcohol and biodiesel. Among them, bioalcohol has wide and irreplaceable 
applications in aviation and long-distance transportations.  
 
Bioalcohol is mainly derived from biological transformation and microorganism 
fermentation of biomass. Other than the needs to have advances in genetic engineering, 
the production of bioalcohol must have breakthroughs in separation technology. This is 
due to the fact that the purification and concentration steps from 5-10% to 99% are 
account for 60-80% of the bioalcohol production cost [2]. Among various separation 
techniques, pervaporation, a membrane-based technology, is a promising method because 
of its easy operation, low energy consumption and small footprint [3-6]. Since the 
separation is determined by the sorption and diffusion differences between the feed 
components, the pervaporation technique is able to provide high separation efficiency for 




Membrane is the heart of a successful pervaporation process. Currently, there are two 
types of pervaporation membranes; namely, inorganic membranes and polymeric 
membranes [7]. Inorganic membranes generally show superior thermal resistance and 
solvent stability over most polymeric membranes, therefore exhibiting superior 
separation performance and higher stability [8-9]. However, inorganic membranes have 
issues of brittleness, complicated processbility and high cost, which limit their broad 
applications in industry [10]. On the other hand, polymeric membranes possess better 
film forming properties and lower cost [11], but with inferior pervaporation performance 
compared to inorganic membranes. Membrane scientists have therefore tried many 
approaches to integrate inorganic and organic components together in order to design 
membrane materials with combined advantages and superior separation performance [12-
17].  
 
In this work, an inorganic component, 3-glycidyloxypropyltrimethoxy-silane (GOTMS), 
is introduced into the polyamide top layer of thin film composite (TFC) membranes by 
various modification routes. The novel organic-inorganic hybrid TFC membrane exhibits 
separation performance surpassing the prior polymeric membranes and inorganic ceramic 
membranes, as shown in Table 5.1 [18-26]. Traditionally, TFC membranes have been 
largely used for water reuse and desalination processes such as reverse osmosis [27-30] 
and nanofiltration [31-34], they are emerging as promising candidates for pervaporation 
separation recently [35-36]. The TFC membrane comprises of an ultra thin polyamide 
selective layer formed by interfacial polymerization on a porous substrate. This 
morphology is desirable since the dense selective layer provides the separation function, 
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while the porous substrate offers the mechanical strength. In this study, TFC membranes 
are fabricated on porous polyetherimide (Ultem
® 
1010) substrates and studied for 
pervaporation dehydration of isopropanol (IPA) as a concept demonstration. 
 
Table 5.1 A comparison of pervaporation performance of some polymeric and inorganic 
membranes for IPA dehydration. 
 
 
In order to effectively incorporate GOTMS into the interfacial polymerization and form a 
highly cross-linked polyamide selective layer with a high free volume, hyperbranched 
polyethyleneimine (HPEI) and trimesoyl chloride (TMC) have been used as the 
monomers for the interfacial polymerization because HPEI is a highly branched amine 
monomer. Not only can it react with TMC rapidly and create a polyamide selective layer 
with a large fractional free volume as demonstrated elsewhere [37], but also react with 
GOTMS to form organic-inorganic hybrid network under heat. As a result, a double 
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cross-linked and intertwined network (i.e., HPEI + TMC and HPEI + GOTMS) is formed 
that possesses many inherent advantages of inorganic and organic materials such as 
structure rigidity, ultra-fine and meso-pores, solvent stability, and minimal swelling for 
higher permeability and selectivity [38-39].  
 
Three strategies have been explored to incorporate GOTMS into the chemical structure of 
the polyamide layer. Fourier Transform Infrared (FTIR) and X-ray energy dispersive 
spectrometry (EDX) were employed to characterize their chemical changes. The variation 
of fractional free volume of the polyamide layer was analyzed by slow beam positron 
annihilation spectroscopy (PAS). Since the newly developed membranes exhibit superior 
separation performance to most reported polymeric membranes and even some inorganic 
membranes, this study may provide fundamental insights to molecularly design modern 
organic-inorganic hybrid membranes for pervaporation in the future. 
 
5.2. Experimental 




hollow fibers were prepared as substrates for the fabrication of TFC 
membranes. A dope solution of Ultem
® 
/ethanol/NMP with a weight ratio 23/5/72
 
was 
prepared. A mixture of 95/5 (wt/wt) NMP/water was employed as the bore fluid to result 
in hollow fiber membranes with a porous inner surface. The spinneret used in this study 
has a bore channel radius of 0.44 mm. For the dope fluid channel, the inner wall radius is 
0.6 mm and the outer wall radius is 1.14 mm. The same spinneret is also used in the 
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following chapters of study. The dope flow rate and bore fluid flow rate were 3 ml/min 
and 1 ml/min, respectively. The air gap for the spinning was 5 cm and the take-up speed 
was 15 m/min.  
 
5.2.2. Preparation of TFC membranes 
5.2.2.1. Pre-treatment of Ultem
®
 hollow fiber substrates 
 
To examine the best pre-treatment condition before conducting the thin-film 
polymerization, the outer surface of the Ultem
® 
hollow fiber was subjected to four 
different pre-treatments before the interfacial polymerization: (1) no further treatment; (2) 
immersion in water for 1 hour; (3) immersion in methanol for 30 seconds and then water 
for 1 hour; and (4) immersion in ethanol for 30 seconds and then water for 1 hour.  
 
5.2.2.2. Synthesis of organic-inorganic hybrid amine monomers 
 
In addition to directly use pristine hyperbranched polyethyleneimine (HPEI) in the 
interfacial polymerization, two additional organic-inorganic hybrid amine monomers 
made of HPEI and GOTMS were also synthesized in order to explore their differences. 
The first organic-inorganic hybrid amine monomer (referred to as HPEI-GOTMS) was 
obtained by grafting GOTMS onto HPEI directly via a reaction shown in Figure 5.1. A 
pre-weighed GOTMS liquid was added into the HPEI solution and the mixture was 
heated to 70 
o
C and stirred for 1 hour to incur the grafting reaction. The GOTMS loading, 
defined as the percent weight of GOTMS to the weight of HPEI, was 50 wt%. The 
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second organic-inorganic amine monomer (referred to as HPEI-HGOTMS) was obtained 
by the hydrolysis of GOTMS first followed by grafting it to HPEI, as illustrated in Figure 
5.2. For the hydrolysis of GOTMS, dropwise of concentrated hydrochloric acid was 
added into a 50 wt% GOTMS aqueous solution to make a 0.1 wt% acid solution. The 
solution was stirred at 50 
o
C for 1 hour and then mixed with a 2 wt% HPEI/water solution 
for another 2-hour stirring at ambient temperature, with a GOTMS loading of 50 wt%. 
 
 
Figure 5.1 Synthesis route of the organic-inorganic amine monomer HPEI-GOTMS from 





Figure 5.2 Synthesis route of the organic-inorganic amine monomer HPEI-HGOTMS 
from HPEI and hydrolyzed GOTMS. 
 
5.2.2.3. Fabrication of TFC membranes 
 
To fabricate the TFC membrane, organic amine (HPEI) or organic-inorganic amine 
monomers (HPEI-GOTMS and HPEI-HGOTMS) were used in the aqueous phase and 
TMC was used in the organic phase for interfacial polymerization to form a polyamide 
top layer on the outer surface of the Ultem
®
 hollow fiber substrate. The pre-treated 
substrate was firstly immersed in 2 wt% amine solution for 180 minutes and then in 0.1 
wt% TMC solution for 3 minutes for the interfacial polymerization. The as-fabricated 





Figure 5.3 The reaction mechanism of thermal condensation among hydroxyl groups 
among HPEI-HGOTMS (HPEI-HGOTMS-T). 
 
Therefore, TFC membranes made from 3 different amine monomers (HPEI, HPEI-
GOTMS and HPEI-HGOTMS) were prepared. In addition, annealing was applied to 
some TFC membranes made from HPEI-HGOTMS amine at 70 
o
C for 30 minutes 
because heat is needed in order to incur a thermal condensation of the nascent TFC 
membranes. Figure 5.3 elucidates the reaction mechanism of thermal condensation. 
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Various GOTMS loadings (25wt%, 50wt% and 100 wt% of HEPI amount) were used for 
this modification in order to find the optimal composition. The resultant TFC membranes 
were abbreviated as HPEI-HGOTMS-T. 
 
5.3. Results and discussion 
5.3.1. Characterization of Ultem
®
 hollow fiber substrates 
 
Figure 5.4 shows typical cross-section morphology of Ultem
®
 hollow fiber substrates. It 
consists of a porous sub-layer and a relative dense outer surface. This morphology is 
beneficial for the formation of TFC membranes because the porous substrate provides a 
low transport resistance and the relatively smooth outer surface is suitable for the 




Figure 5.4 FESEM images of Ultem
®
 hollow fiber substrate. 
 
This morphology is specially designed and achieved through the manipulation of the 
dope formulation and spinning parameters. In the dope formulation, a non-solvent 
ethanol is introduced to create extra instability of the dope solution, which has two effects 
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on the membrane morphology. Firstly, at the bulk dope, since the non-solvent ethanol 
cannot leach out easily, it results in the formation of a porous structure at the bulk dope. 
In addition, at the outer surface of the dope, because the ethanol molecule is smaller and 
more volatile as compared to the solvent NMP, it facilitates the formation of a thin dense 
layer through rapid liquid-liquid demixing. At the same time, the spinning parameters are 
carefully selected according to our previous studies [40-41]. A dope flow rate of 3 
ml/min is chosen to control the thickness of the hollow fiber, which should not be too 
thick that would increase the substructure resistance, nor too thin that would sacrifice the 
strength of the substrate. A take up speed of 15 m/min is employed to stretch the hollow 
fibers for the formation of the dense outer layer. 
 
Table 5.2 Effect of solvent pre-treatment of substrates on the pervaporation performance 
of resultant TFC membranes prepared from HPEI. 
 
 
Table 5.2 tabulates the pervaporation performance of the Ultem
®
 hollow fiber substrate 
and TFC membranes synthesized on Ultem
®
 substrates with various pretreatments for 
dehydration of an 85/15 wt% IPA/water feed solution. Before the thin film 
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polymerization, the substrate shows a high flux of 8060 g/m
2
-h but a very low separation 
factor. This indicates that the Ultem
®
 hollow fiber has a porous structure and a low 
transport resistance. On the other side, after thin film polymerization, the membranes 
show much enhanced separation factors in the range of 129 to 197 while relative lower 
permeation fluxes in the range of 3490 to 4128 g/m
2
-h. The significant improvement in 
separation factor is believed to be contributed by the successful formation of a top dense 
selective layer through interfacial polymerization on the specially designed substrate. 
 
5.3.2.  Effect of solvent pre-treatment of Ultem
® 
substrate on the pervaporation 
performance of resultant TFC membranes 
 
The formation of a thin polyamide layer on the Ultem
®
 surface is resulted from the 
chemical reaction between HPEI and TMC, and the reaction mechanism has been shown 
in our previous work [37]. The growth of the polyamide layer is usually initiated from the 
aqueous phase towards the organic phase as proven by Morgan [42]. Therefore, if the 
substrate surface is not adequately wetted when contacting with the aqueous HPEI 
solution, the growth of the polyamide layer will be non-uniform, which leads to some 
pin-holes or defects in the polyamide layer [43]. Since Ultem
® 
is a relatively hydrophobic 
material [41], the wetting of its surface is difficult.  Therefore, various solvent pre-
treatments were applied on the Ultem
®
 substrate using water, ethanol or methanol before 




The pervaporation results in Table 5.2 show that solvent pre-treatments enhance 
separation factors but decrease flux as compared to the TFC membrane without any 
solvent pre-treatment. Since the solvents can swell the substrate to certain degree, a 
higher amount of HPEI aqueous solution can be adsorbed evenly on the pre-wetted 
substrate surface. This phenomenon results in a smooth and dense TFC layer formed on 
the Ultem
®
 surface during the interfacial polymerization. For the Ultem
® 
hollow fiber 
without any solvent pre-treatment, the substrate surface is dry. As a result, the aqueous 
HPEI solution may not be evenly distributed on the surface, leading to the occurrence of 
some defects on the polyamide layer. 
 
 
Figure 5.5 FESEM images of the outer TFC membrane surfaces with four different pre-





This hypothesis may be proven by FESEM images of the resultant TFC. As shown in 
Figure 5.5, pin-hole like defects can be spotted for the TFC membrane synthesized on the 
dry Ultem
®
 substrate, while no visible defects are found on other membrane surfaces with 
solvent pre-treatments of substrates. Additionally, AFM characterization is also carried 
out to investigate the changes in surface roughness of resultant TFC membranes. As 
shown in Table 5.3, both the root mean square roughness (Rms) and average roughness 
(Ra ) of the TFC membrane made of a dry Ultem
®
 substrate are larger than those 
membranes made of solvent pre-treated substrates. These results also well support our 
aforementioned proposition. 
 




In addition, Table 5.2 also displays that different solvent pre-treatments on substrates 
could lead to different pervaporation performance of the resultant TFC membranes. The 
separation factor follows the order of methanol > ethanol > water; while the permeation 
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flux follows the opposite trend. This could be explained by different degrees of substrate 
swelling by the three solvents, as confirmed by vapor sorption tests on Ultem
® 
hollow 
fibers.  Figure 5.6 compares the effect of solvents on the degree of sorption, the Ultem
® 
hollow fiber follows a trend of water < ethanol < methanol, which aligns exactly with the 
order of separation factor of the resultant TFC membranes pre-treated by these solvents. 
A higher degree of sorption means a better swelling of Ultem
® 
hollow fibers by that 
solvent, bringing about the formation of a smooth and defect-free polyamide selective 
layer of the resultant TFC membrane. Since the sorption amounts by ethanol and 
methanol are close to each other, so the effects of ethanol and methanol pre-treatments on 
pervaporation performance are also similar. Ethanol is used as the pre-treatment solvent 
in the following study because it is more environmentally benign than methanol. 
 
 
Figure 5.6 Vapor sorption results of Ultem
®
 hollow fibers in various solvents: (a) 




5.3.3. Characterization and pervaporation tests of organic-inorganic TFC membranes 
 
In order to further improve the separation performance and physicochemical properties of 
the fabricated TFC membranes, inorganic component GOTMS is introduced into the 
polyamide chemical structure in the top selective layer. Three different methods are 
employed to prepare organic-inorganic TFC membranes as described in the experimental 
section. According to the modification methods applied, they can be abbreviated as 
HPEI-GOTMS, HPEI-HGOTMS and HPEI-HGOTMS-T, respectively.  
 
As seen from Figures 5.1 and 5.2, the grafting reaction will introduce silica into the 
polymer chains, which could be detected by SEM EDX technique. The SEM EDX 
images of the surface of the original and organic-inorganic hybrid TFC membranes show 
silica (white dots) distribution as in Figure 5.7. A little silica can be observed on the 
original TFC membrane surface, which is probably due to the environment and the 
carbon tape that sticks the hollow fiber. With the introduction of inorganic component 
GOTMS by various modification methods, we can see an increase in silica concentration 
on the membrane surface of the organic-inorganic TFC membranes. This implies a 
successful fabrication of the organic-inorganic TFC membranes. What is more, it can also 
be observed that the silica element is dispersed homogenously on the membrane surface 
for all organic-inorganic hybrid TFC membranes. Furthermore, FTIR spectra are also 





Figure 5.7 EDX images of silica (white dots) distribution on the surface of (a) the 
original TFC membrane and organic-inorganic TFC membranes prepared from (b) HPEI-
GOTMS, (c) HPEI-HGOTMS and (d) HPEI-HGOTMS-T. 
 
Table 5.4 summarizes the pervaporation performance of the organic-inorganic TFC 
membranes. All three organic-inorganic TFC membranes have higher separation factors 
than the original TFC membrane. This enhancement is attributed to the introduction of 
inorganic component which enhances the solvent resistance and lower swelling tendency 
of the pervaporation membrane during operation. If we examine the pervaporation 
performance of the membranes prepared from HPEI-GOTMS and HPEI-HGOTMS, a 
drop in the permeation flux can be observed as compared to the original TFC membrane. 
For the membrane made from HPEI-GOTMS, due to the addition of GOTMS side group, 
the mobility of the polymer chains may be inhibited and the packing density is likely 
increased [44]. This would decrease the diffusivity of permeate molecules. Therefore, a 
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decrease in permeation flux is observed. Moreover, since the chain mobility is restricted, 
it will be even more difficult for the larger IPA molecules to diffuse through in the 
competitive diffusion process. Therefore, the separation factor towards water will 
increase, which is aligned with the experimental results. In addition, for the membrane 
prepared from HPEI-HGOTMS, the methoxy groups (–OCH3) in the membrane prepared 
from HPEI-GOTMS is converted to hydroxyl groups (–OH) after hydrolysis reaction. 
The interaction among hydroxyl groups is even stronger than that among methoxy groups 
because of the possible hydrogen bonding. This would restrict the chain mobility even 
more, therefore resulting in a smaller permeation flux and larger separation factor as 
compared to the membrane made from HPEI-GOTMS.  
 
Table 5.4 Effect of modification methods on the pervaporation performance of resultant 
organic-inorganic TFC membranes. 
 
 
In order to validate the above hypothesis of the reduced chain mobility and increased 
packing density, XRD characterizations have been carried out. Figure 5.8 shows the 
spectra and the d-space values as calculated according to equation (3.4). The original 
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TFC membrane possesses a broad peak with a d-space value of 5.52 Å. The d-space 
values decrease to 5.21 and 5.14 Å, respectively, for the organic-inorganic TFC 
membranes synthesized from HPEI-GOTMS and HPEI-HGOTMS. These results indicate 
that the organic-inorganic TFC membranes have more densified chain packing structures. 
As a consequence, the pervaporation flux decreases while the separation factor increases.  
 
 
Figure 5.8 XRD spectra of (a) the original TFC membrane and organic-inorganic TFC 
membranes prepared from (b) HPEI-GOTMS and (c) HPEI-HGOTMS. 
 
Table 5.4 also shows that membranes prepared from HPEI-HGOTMS-T have a higher 
flux but a lower separation factor as compared to the membranes prepared from HPEI-
HGOTMS. This can possibly be explained by two factors associated with an additional 
thermal treatment step, as shown in Figure 5.3. Firstly, the thermal induced condensation 
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reactions among hydroxyl groups will create an inorganic network and inorganic cavities 
in the membrane morphology [45]. On the other hand, thermal stretching of nascent 
polyamide chains in the selective layer can result in an increase in the fractional free 
volume [46]. Therefore, combining the two effects, the resultant TFC membrane will 
have a top polyamide layer with a morphology of a larger mean free volume radius and 
higher fractional free volume. Thus, with an additional thermal treatment step at 70 C, 
the organic-inorganic TFC membrane shows an increase in permeation flux but a 
decrease in separation factor. 
 
PALS measurements are carried out to examine the hypothesis and give a clearer picture 
of the free volume variation of the TFC membranes prepared from HPEI-HGOTMS and 
HPEI-HGOTMS-T. PALS is a powerful technique to measure the size of free volume 
cavities and the amount of free volume in polymeric materials and organic-inorganic 
hybrid membranes. Figure 5.9 shows the raw PALS spectra of the polyamide layer of 
TFC membranes prepared from HPEI-HGOTMS and HPEI-HGOTMS-T by using 
positron incident energy of 1 kev. From the spectra, it can be seen that the slope of HPEI-
HGOTMS-T membrane is higher than that of the HPEI-HGOTMS membrane at a low 
channel number, which reveals the information about p-Ps and Ps lifetime. When we look 
at the region associated with o-Ps lifetime, we can see that the slope of the HPEI-
HGOTMS-T membrane is lower than that of the HPEI-HGOTMS membrane, indicating 
a higher τ3 value and a larger mean free volume size [47]. Furthermore, to quantitatively 
analyze the result, the raw PALS data are fitted by PATFIT program. The o-Ps lifetime τ3 
and its intensity I3, which correspond to the size and concentration of the free volume 
 135 
 
respectively, can be obtained from the fitting. The mean free volume radius can be 
calculated according to an established semi-empirical correlation equation below: 
        
  




    
     
     
                                           (5.1) 
where ∆r is an empirical constant obtained from data fitting with known dimensions [48]. 
As shown by the listed results in Table 5.5, the TFC membrane prepared from HPEI-
HGOTMS-T has both a larger mean free volume size and a higher fractional free volume 
than that from HPEI-HGOTMS, which are believed to be resulted from the inorganic 
network and inorganic cavities after the thermal treatment step. A larger fractional free 
volume in the selective layer would result in a higher permeation flux of the TFC 
membrane, while a larger mean size would lead to a lower separation factor. These 
results are consistent with our aforementioned experimental results. 
 
 
Figure 5.9 PALS raw spectra of the TFC membranes prepared from (a) HEPI-HGOTMS 




Table 5.5 PALS results of the organic-inorganic TFC membranes prepared from HPEI-
HGOTMS and HPEI-HGOTMS-T. 
 
 
5.3.4. Effect of inorganic loading on the pervaporation performance of resultant TFC 
membranes 
 
The GOTMS loading is an important factor to determine the physicochemical properties 
and the separation performance of the fabricated organic-inorganic TFC membranes. 
Table 5.6 lists the pervaporation results of TFC membranes synthesized from HPEI-
HGOTMS-T with different GOTMS loadings. The highest flux of 3.5 kg/m
2
-hr is 
achieved at 50 wt% GOTMS loading, while the separation factor shows an increasing 
trend with an increase in GOTMS loading. This is due to the combined effects of thermal 
condensation reactions and thermal stretching of polyamide chains in the thermal 
treatment step. With the initial introduction of GOTMS, the degree of thermal 
condensation reaction is very low. Therefore, there are not many inorganic cavities and 
diffusion paths formed in the polyamide layer. However, if the GOTMS loading is too 
high (reaching a similar amount of HPEI), the degree of thermal condensation reaction 
will be too severe, resulting in a highly cross-linked polyamide structure in the selective 
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layer, thus the separation factor increases and the permeation flux decreases. The 
optimized inorganic loading is about 50 wt% to prepare the organic-inorganic TFC 
membrane with HPEI-HGOTMS-T, and a permeation flux of 3519 g/m
2
-h and a 
separation factor of 278 are achieved for pervaporation dehydration of a feed solution of 
85/15 wt% IPA/water at 50 ºC.  
 
Table 5.6 Effect of GOTMS loading on the pervaporation performance of the organic-
inorganic TFC membranes prepared from HPEI-HGOTMS-T. 
 
 
To show the variation of free volume in the polyamide layer with GOTMS loadings, PAS 
DBES characterizations of the TFC membranes are carried out. Figure 5.10 shows S 
parameter curves of TFC membranes with different GOTMS loadings as a function of 
positron incident energy. For all membranes, a sharp increase of the S parameters near 
the surface is observed, which is a typical phenomenon due to back diffusion and 
scattering of positronium. Following that, S parameters decrease gradually and come to a 
flat region. The variation of S parameters indicates changes in free volume and reflects a 





Figure 5.10 S parameters of TFC membranes with different GOTMS loadings (a) 25 
wt%, (b) 50 wt% and (c) 100 wt% as a function of position incident energy. 
 
During the VEPFIT fitting process, a three-layer model works well and the chi-square 
values of the fitting are less than 2 for all membranes. According to the free volume 
distribution, the membrane morphology are divided into three layers  top polyamide 
dense layer, transition layer and porous Ultem
®
 substrate layer. Fitting results of the S 
parameter S1 and thickness L1 of the top layer in the TFC membranes fabricated from 
HPEI-HGOTMS-T with different GOTMS loadings are tabulated in Table 5.7. With the 
GOTMS loading increases from 25 wt% to 50 wt%, the S parameter of the top layer does 
not change much, while the thickness decreases, resulting in a higher flux. This is 
probably due to the thermal condensation reaction that reduces the top layer thickness. 
With a further increase of the GOTMS loading from 50 wt% to 100 wt%, the S1 value 
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decreases, indicating a decrease in the free volume of polyamide layers. This corresponds 
well with the above hypothesis that the higher degree of thermal condensation reaction 
leads to a higher cross-linked polyamide chains in the selective layer. We also notice that 
the fitted top layer thicknesses are all smaller than 50 nm, which may not be the absolute 
thickness values. When the thickness is too small, its accuracy can be affected by several 
aspects, including the sensitivity of the equipment and the calculation method of the 
software. However, the average thickness values obtained are still much larger than the 
variation, the trend of change is still reasonable. 
 
Table 5.7 The S parameter and thickness of the polyamide layer of TFC membranes with 





In this work, novel organic-inorganic hybrid TFC membranes have been developed with 
the introduction of an inorganic modifier GOTMS. Superior separation performance 
surpassing most prior polymeric membranes and inorganic ceramic membranes is 
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achieved for pervaporation dehydration of IPA. The following conclusions can be made 
from this study: 
 
(1) Via suitable design and manipulation of the dope formulation and spinning 
parameters, Ultem
®
 hollow substrates with desirable morphology have been 
fabricated. The smooth outer surface morphology facilitates the following interfacial 
polymerization and the porous sub-layer structure provides low transport resistance 
during the pervaporation process.  
(2) Different solvent pre-treatments of the substrate have been employed to modify the 
wetting property of the substrate surface. The separation performance is significantly 
enhanced after solvent pre-treatment because of the resultant uniform and defect-free 
polyamide layer formed on the substrates. 
(3) The GOTMS-based organic-inorganic hybrid TFC membranes are fabricated via 
three different strategies. Method 1 is to graft inorganic siloxane GOTMS onto HPEI 
to form the HPEI-GOTMS amine monomer directly; method 2 is to graft the 
hydrolyzed GOTMS onto HPEI to form the HPEI-HGOTMS amine monomer; while 
method 3 includes a thermal condensation step for the TFC membrane prepared from 
the HPEI-HGOTMS amine monomer. All developed organic-inorganic hybrid TFC 
membranes exhibit enhanced separation factors and comparable flux as compared to 
the original TFC membrane without GOTMS, This improvement is contributed by the 




(4) The TFC membrane prepared from HPEI-HGOTMS has a much higher separation 
factor as compared to the original TFC membrane, probably because of the 
interactions among hydrolyzed GOTMS groups. For the TFC membrane prepared 
from HPEI-HGOTMS-T with a thermal treatment step included, the permeation flux 
increases with a slightly lower separation factor as compared to the one without the 
thermal treatment step, which is contributed to the facilitated condensation reaction of 
hydroxyl groups and induced thermal stretching of the formed polyamide chains. The 
resultant larger mean free volume size and fractional free volume in those TFC 
membranes are proven by PALS characterizations. 
(5) The effect of GOTMS loading on the pervaporation performance of the TFC 
membranes prepared from HPEI-HGOTMS-T is studied. The permeation flux shows 
an up-and-down trend while the separation factor increases with an increase in the 
GOTMS loading, because of the combined effects of the thermal condensation 




As seen from Figures 5.1 and 5.2, the grafting reaction will create hydroxyl groups on the 
polymer chains, which could be confirmed by FTIR, as shown in Figure A1. An 
intensified peak appears around wave numbers of 2900 to 3200 cm-1 for the modified 
TFC membranes, which is the characteristic peak of hydroxyl groups. This result implies 
a successful grafting reaction between HPEI and GOTMS. Moreover, since the TFC 
membranes prepared from HPEI-HGOTMS and HPEI-HGOTMS-T have more hydroxyl 
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groups than that from HPEI-GOTMS because of the hydrolysis step, the peaks at wave 
numbers of 2900 to 3200 cm-1 show higher intensities than the later. This also validates 
that a successful hydrolysis reaction occurs. 
 
 
Figure A1 FTIR Spectra of (a) the original TFC membrane and organic-inorganic TFC 
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DESIGN AND SYNTHESIS OF A FLUORO-SILANE AMINE MONOMER FOR 
NOVEL THIN FILM COMPOSITE MEMBRANES TO DEHYDRATE 




Membrane pervaporation has progressively become a prospective separation technique 
for biofuel dehydration owing to the advantages of energy efficiency, environmental 
benignity and easy operation [1-4]. There are two key components in designing a 
successful pervaporation membrane: membrane morphology and membrane materials. 
According to the solution-diffusion model, a desirable membrane morphology should 
have the asymmetric structure, which consists of an ultrathin dense selective layer and a 
porous substrate. The former provides the separation function while the latter acts as a 
mechanical support. There are two types of asymmetric pervaporation membranes; 
namely: (1) wholly integral asymmetric membranes made of the same material [5-6] and 
(2) composite membranes consisting of different materials for the dense selective layer 
and the porous substrate [7-8]. Since only a small amount of expensive materials with 
high performance is used as the ultrathin selective layer while the porous substrate is 
made from cheap materials, composite membranes are cost effective and hold a great 
potential for commercialization [9-10].  
 
Another key component in membrane design is the chemistry of membrane materials. In 
general, hydrophilic polymers, such as poly(vinyl alcohol) (PVA), poly(acrylic acid) 
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(PAA), chitosan and sodium alginate, have been used to fabricate dehydration 
membranes [11-14]. However, the membranes prepared from these materials have poor 
mechanical strength and are susceptible to swelling, leading to a significant decrease in 
separation efficiency. Other than polymeric membranes, inorganic membranes have also 
been investigated because of their high separation efficiency, superior solvent resistance 
and thermal stability [15-16]. Nonetheless, the brittleness, complicated processbility and 
high cost have limited inorganic membranes from broad applications. Consequently, the 
combination of individual properties of polymers and inorganic materials to create high-
performance membranes with synergistic characteristics has attracted much attention to 
membrane scientists [17-18]. 
 
In this work, thin film composite (TFC) membranes with a hybrid organic-inorganic 
polyamide selective layer have been developed for pervaporation dehydration of ethanol. 
Initially, TFC membranes were largely used for water purification and desalination 
processes, such as nanofiltration [19-21] and reverse osmosis [22-24]. Recently, TFC 
membranes have emerged as a promising candidate for pervaporation application [25-27]. 
TFC membranes are generally prepared via interfacial polymerization, where two 
monomers are dissolved in two immiscible solvents and the reaction takes place at the 
surface of a porous substrate. Since the interfacially polymerized selective layer is very 
thin, i.e. ~100 nm, solvent resistance and stability of this layer play an important role in 
determining the separation performance of TFC membranes [28]. In general, polyamide 
TFC membranes are usually fabricated from m-phenylenediamine (MPD) and trimesoyl 
chloride (TMC). Although these membranes provide a very high performance in forward 
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osmosis process [29], their separation efficiency for pervaporation process is 
questionable due to the solvent-induced swelling of the polyamide layer made of MPD 
and TMC [27]. Therefore, in this study, we aim to molecularly design a new amine 
monomer consisting of inorganic components in its structure to increase solvent 
resistance and then develop hybrid organic-inorganic TFC membranes for pervaporation 
application.  
 
Different from mixed matrix membranes where inorganic particles are dispersed in the 
continuous polymer phase, the inorganic component in our study is molecularly 
incorporated into the amine monomer and hence is part of main chains in the polyamide 
polymer. By this way, two main advantages can be achieved: (1) the resultant polyamide 
layer can possess the favorable inherent properties of the inorganic material such as 
structural rigidity, anti-swelling ability and thermal stability; (2) the severe agglomeration 
of particles and phase separation between particles and the polymer phase which occur in 
normal mixed matrix membranes can be eliminated.  
 
In this study, the inorganic component nonafluorohexylmethyldichloro silane (ClSi) (as 
depicted in Figure 1(d)) is chosen to synthesize the new amine monomer (MPDSi) 
because: (1) its two functional groups Si-Cl can react with MPD after a series of 
modifications to sandwich it between two MPD molecules (as described in Figure 2), and 
(2) the bulky fluoroalkyl group is expected to monitor the reactivity of the interfacial 
polymerization. Nuclear magnetic resonance (NMR) and Fourier transform infrared 
(FTIR) spectrometry are used to characterize and verify the chemical structures of the 
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new monomer and the polyamide film. The pervaporation performances of the resultant 
TFC membranes prepared from MPD and MPDSi are compared. The optimal interfacial 
polymerization condition is explored to achieve a good separation performance. Since 
this is the first time that a newly designed monomer can result in a TFC membrane with 
inorganic components in the backbone of polyamide main chains, the design method and 
the study may provide fundamental guidelines and valuable insights on the synthesis of 
high-performance hybrid TFC membranes for biofuel dehydration via pervaporation. 
 
6.2. Experimental 
6.2.1. Synthesis of the hybrid organic-inorganic amine monomer 
 
 
Figure 6.1 Synthesis route of the new hybrid monomer MPDSi. 
 
In order to increase solvent resistance of the polyamide layer of the TFC membranes, a 
new amine monomer was designed and synthesized following the synthetic strategy 
outlined in Figure 6.1. A pre-weighted ClSi liquid (2.5 g) was added into a 50 ml 0.4 M 
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Na2CO3 solution in an ice bath and the mixture was stirred for 3 hours to incur the 
hydrolysis reaction. Another solution containing 2.64g TsCl 5 wt% in the water-
acetonitrile 80/20 wt% mixture was prepared and stirred for 1 day for a complete 
dissolution. The hydrolyzed ClSi solution was then added into the TsCl solution under a 
vigorous stirring condition for 1 hour to exchange the Ts group with the proton in the 
hydrolyzed ClSi molecule [30]. After that, the oil phase containing the tosylated ClSi was 
separated from the solution and added drop-wise to a 1.5 g MPD 10 wt% solution in 
acetone. The mixture was heated to 70 
o
C and stirred for 1 hour for the substitution 
reaction [30]. After all the solvent was completely evaporated, the solid product was 
collected and purified by re-crystallization. The final product was abbreviated as MPDSi. 
 
6.2.2. Preparation of interfacially polymerized membranes 
6.2.2.1. Free-standing polyamide membranes 
 
Free-standing polyamide films were prepared for characterizations. An aqueous solution 
containing 2 wt% MPD was poured onto a piece of silicon wafer to form a thin liquid 
layer. A hexane solution containing 0.1 wt% TMC was spread on the liquid layer. After 1 
min residence time for the interfacial polymerization reaction, the excess solution was 
drained away. The polyamide film formed on the silicon wafer was washed 3 times by 
hexane and then 3 times by water. After that, the film was peeled off and dried under 
vacuum before usage. For the new hybrid polyamide film, since the new monomer 
MPDSi cannot be dissolved in pure water, it was dissolved in a water/ethanol 90/10 wt% 
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mixture to prepare a 2 wt% amine solution. The rest of the procedure was similar to the 
preparation of the normal polyamide film. 
 




hollow fibers were used as the substrate for the 
fabrication of TFC membranes. Table 6.1 summarizes the hollow fiber spinning 
parameters.  
 
Table 6.1 Spinning parameters of Ultem
®
 hollow fiber substrates. 
 
 
To fabricate TFC membranes, the amine MPD or MPDSi was prepared in the aqueous 
phase and the mesoyl chloride TMC was prepared in the organic phase. The interfacial 
polymerization reaction was carried out on the outer surface of the Ultem
® 
hollow fiber 
substrates. Three different aqueous solutions containing 2 wt% amine monomers were 
prepared: (1) MPD in distilled water; (2) MPD in a water/ethanol 90/10 wt% mixture; 





fibers were pre-treated by immersing them in ethanol for 30 
seconds and then in water for 1 hour while one end of the fibers was sealed by epoxy. 
The fibers were then immersed in the aqueous amine solution for 5 minutes at room 
temperature. After blotted with tissue papers to remove the excess amount of liquid, the 
fibers were dipped into a 0.1 wt% TMC/hexane solution for a designated time to carry 
out interfacial polymerization. The as-fabricated TFC hollow fiber membranes were 
annealed at 65 
o
C for 15 minutes in an oven before applying vacuum overnight at room 
temperature. The detailed interfacial polymerization parameters were listed in Table 6.2. 
Before pervaporation tests, the TFC membranes was coated by PDMS in order to protect 
the polyamide selective layer from a direct contact with the feed solution. TFC hollow 
fibers were immersed in a 3 wt% PDMS solution in hexane for 3 minutes and hung in air 
for 2 days to cure the PDMS layer. 
 
Table 6.2 Interfacial polymerization conditions of the TFC membranes. 
 
 
6.3. Results and discussion 




A successfully synthesized amine monomer should not only sandwich the inorganic 
constituent in its structure, but also have two amine functional groups at its two ends to 
polymerize with TMC in the interfacial polymerization reaction.  
 
To confirm the successful synthesis of MPDSi, NMR analyses were used to detect the 
structural change. Figure 6.2 shows the 
1
H NMR spectra of MPD and MPDSi. For the 
MPD spectrum (Figure 6.2(a)), the peak at 6.9 ppm is assigned to meta-proton H-a [31-
32], where a triplet can be seen from the enlarged graph. This triplet is formed by the 
spin-spin coupling effect of the neighboring protons [32]. Another peak at 6.2 ppm is 
attributed to H-b and H-c since both of them are para-protons [31-32]. From the enlarged 
graph of this peak, a triplet can be observed. Considering the chemical environments of 
H-b and H-c, H-b should have a doublet while H-c should have a singlet. The highest 
peak at 4.7 ppm is allocated to the proton H-c in amine groups [31-32]. The atom N has a 
larger shielding effect than the aromatic ring and hence the attached proton is more 
shielded and the NMR absorbance frequency shifts to a lower value [32]. Compared to 
the spectra of MPD, the three peaks of aromatic protons and NH2 protons can also be 
observed from the spectra of MPDSi as shown in Figure 6.2(b). In addition, an additional 
new peak appears at 3.2 ppm, which indicates the formation of a new proton environment. 
From the structure of MPDSi, this proton can be assigned to the newly formed NH proton 
H-e. Since NH group is connected to Si, which has a smaller electro-negativity than N, 
there is a larger shielding effect on the neighboring proton and the corresponding 
absorbance frequency shifts to a lower value than that of the NH2 proton [32-33]. In 
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summary, all the peaks can be unambiguously assigned to the spectra of MPDSi, which 





H NMR spectra of the two monomers: (a) MPD and (b) MPDSi. 
 
To characterize the reactivity of the new monomer for polymerization, free-standing 
polyamide films are fabricated from MPD and MPDSi. The polymerization mechanisms 
between MPD and MPDSi with TMC are schematically drawn in Figure 6.3, respectively. 
FTIR and TGA techniques are utilized to examine chemical and physical properties of 
the two films. Figure 6.4 shows the FTIR spectra of the two polyamide films. Different 
from the MPD polyamide film, the MPDSi polyamide film has a broad peak at around 
3300-3500 cm
-1
, which is the characteristic peak for amine NH stretching [34]. This is 
due to the fact that MPDSi contains the secondary amine which does not take place in the 
polymerization reaction with TMC, while MPD has no free amine in its structure after the 
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polymerization reaction. This result also proves a successful synthesis of the new 
monomer MPDSi. Moreover, other distinctive functional groups in MPDSi including CF 
groups and Si-CH3 groups can also be distinguished from the FTIR spectra at the 
wavenumbers of 1050 cm
-1
 and 1140 cm
-1
, respectively [35-36]. This validates that 
MPDSi has been polymerized into the polyamide film.  
 
 
Figure 6.3 Interfacial polymerization mechanisms of polyamide formation from the 





Figure 6.4 FTIR spectra of the TFC membranes prepared from MPD and MPDSi. 
 
In addition, TGA analyses of the polyamide films made of MPD and MPDSi are 
performed and the results are shown in Figure 6.5.  We can see that both films have high 
thermal stability with their degradation temperatures of about 400 
o
C. This is attributed to 
the polymerization and cross-linking during the formation of the polyamide films [37-38]. 
These results further confirm the polymerization ability of the new monomer MPDSi. In 
addition, the polyamide film prepared from MPDSi starts to degrade at a lower 
temperature than the one prepared from MPD. This early degradation is probably due to 
the cleavage of the side chains in MPDSi, but nevertheless indicates the existence of the 





Figure 6.5 TGA of the free-standing polyamide films prepared from MPD and MPDSi. 
 
6.3.2. Characterization and pervaporation tests of the TFC membranes 
6.3.2.1. Morphology of hollow fiber substrates 
 
Figure 6.6 shows the cross-sectional and outer surface morphologies of the Ultem
®
 
substrates. As expected, the substrate morphology consists of a porous sub-layer and a 
smooth and dense outer surface. This morphology is specially designed and achieved 
through the manipulation of the dope formulation and spinning parameters. As for the 
dope formulation, a non-solvent ethanol is added to create extra thermodynamic 
instability in the dope solution, which affects membrane morphology in terms of bulk and 
outer surface morphologies. For the bulk structure, the non-solvent reduces 
thermodynamic stability of the spinning dope with coagulants, causes a faster 
precipitation of spinning dope and hence leads to the formation of finger-like macrovoids 
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[39-40]. This finger-like structure is eligible for a high-flux performance since it 
decreases the resistance of the substructure layer and behaves as permeate transport 
channels to the lumen side of hollow fibers [41]. This phenomenon is consistent with Xu 
and Qusay‟s work, where they found that adding a small amount of ethanol can create a 
higher amount of finger-like macrovoids in the bulk structure of hollow fibers [42]. For 
the outer surface of hollow fibers, the high volatility of the non-solvent ethanol causes a 
rapid liquid-liquid demixing and hence leads to the formation of the relatively dense 
outer surface as shown in Figure 6.6 [43]. Besides the dope formation, the spinning 
parameters are also cautiously designed by referring to our previous studies [44]. A dope 
flow rate of 5 ml/min is chosen to control the thickness of the hollow fiber, while a 
considerably high take-up speed of 15 m/min is selected to apply a stretching force on the 
fiber for the formation of a dense outer layer. 
 
 
Figure 6.6 FESEM images of the Ultem® hollow fiber substrate. 
 





Figure 6.7 FESEM images of the outer surfaces and cross-sections of the TFC 
membranes prepared from (a) MPD in water, (b) MPD in water/ethanol and (c) MPDSi in 
water/ethanol. 
 
Figure 6.7 shows the FESEM images of the TFC membranes prepared from the three 
amine solutions; namely, (1) MPD in distilled water; (2) MPD in a water/ethanol 90/10 
wt% mixture; and (3) MPDSi in a water/ethanol 90/10 wt% mixture. Compared with the 
substrate morphology shown in Figure 6.6, it can be seen that the substrate surface is 
quite smooth while TFC membrane surfaces are covered by a lot of worm-like nodules. 
This is the typical morphology of TFC membranes and hence proves the successful 
growth of a top thin layer on the substrate.  
 
A comparison between Figures 6.7(a) and 6.7(b) indicates that the worm-like nodules on 
the surface of TFC membranes prepared from the MPD solution in water is larger than 
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those on the surface of TFC membranes prepared from the MPD solution in a 
water/ethanol 90/10 wt% mixture. The thickness of the former polyamide layer is thinner 
than that of the latter. This implies that the surface morphologies of the polyamide layers 
created by the same monomers may be different depending on the solvent composition to 
prepare the amine solution. According to the classic view of interfacial polymerization, 
the growth of the polyamide layer is typically from the aqueous phase towards the 
organic phase as described by Morgan [45]. His hypothesis was based on the fact that 
TMC has a low solubility in water while MPD has a higher solubility in the organic phase. 
Thus, MPD molecules must diffuse from the aqueous phase to the organic phase to react 
with TMC molecules. At the beginning, a thin layer of polyamide is formed at the 
interface of the two phases. After that, MPD molecules further diffuse and migrate into 
the organic phase to react with TMC. Since the poly-condensation reaction rate between 
MPD and TMC is very fast, it creates a high concentration gradient of MPD between two 
phases and leads to a fast migration of MPD into the organic phase.  
 
The rapid transport of MPD molecules pushes, rotates, twists and bends the initially 
formed thin film and results in the formation of worm-like nodules [46]. When the 
interfacially polymerized layer reaches to a certain thickness, the resistance of the layer 
inhibits the mass transfer of the reactants and terminates the growth of the polyamide 
layer. However, when ethanol is added in the aqueous phase as the case in Figure 6.7(b), 
the growth phenomenon of the polyamide layer is somewhat different. Since ethanol has 
a better miscibility with hexane than water does, there is a thin layer of mixture 
consisting of the three solvents (water, ethanol and hexane) formed at the middle region 
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of the aqueous phase and organic phase as illustrated in Figure 6.8. Both MPD and TMC 
molecules can diffuse into this tri-solvent layer and causes the interfacial polymerization 
inside this layer. Compared to the number of TMC molecules in the organic phase in the 
conventional TFC formation (Figure 6.8(a)), the number of TMC molecules in the tri-
solvent layer (Figure 6.8(b)) is much less. Therefore, the polymerization reaction is 
milder, the migration of MPD into the layer is more moderate and hence the resultant 
worm-like nodules are smaller, as shown in Figure 6.7(b). In addition, because of this 
buffer tri-solvent layer, the mass transfer resistances for the transport of both MPD and 
TMC molecules are mitigated and hence a thicker polyamide film is formed. This agrees 
well with the FESEM observations in Figure 6.7. More detailed and comprehensive study 
about the effect of solvents on the growth of polyamide layer will be carried out in 
another study.  
 
 
Figure 6.8 Schematic illustration of the effect of different solvents in the aqueous phase 
on interfacial polymerization. 
 
Besides the type of solvents used to prepare the amine solution, the type of amine 
monomers also affects the surface morphology of the TFC membranes. The results in 
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Figures 6.7(b) and 6.7(c) show that the polyamide layer made of MPDSi monomers has 
smaller worm-like nodules and a smaller thickness than the one made of MPD monomers. 
This may be attributed to the lower diffusion rate and reactivity of MPDSi since it has a 
more bulky structure than MPD as depicted in Figure 6.1. 
 
6.3.2.3. Pervaporation performance of the TFC membranes 
 
Table 6.3 summarizes the pervaporation performance of the TFC membranes prepared 
from different interfacial polymerization conditions and monomers. The TFC membrane 
prepared from MPD in the water/ethanol mixture has a higher flux and separation factor 
than the one prepared from MPD in water. The increment in separation factor can be 
attributed to the increase in selective layer thickness, while the enhanced flux is probably 
because of the larger surface area created by the higher amount of worm-like nodules on 
the polyamide layer, as proven by Figure 6.7 [47-48]. In order to further improve the 
performance of the TFC membranes, the newly designed monomer MPDSi is used to 
prepare the amine solution and their pervaporation performance results are compared in 
Table 6.3. It can be seen that the TFC membrane made of MPDSi has a 1.5-fold 
increment in separation factor and a slight decrease in flux as compared to the TFC 
membrane made of MPD. This improvement in separation factor is mainly contributed by 
two factors. Firstly, the TFC membrane prepared from MPDSi contains inorganic 
components in the backbone of polyamide main chains, which makes the membrane with 
better solvent resistance and lower swelling tendency during pervaporation. Secondly, 
since the reactivity of MPDSi is lower than that of MPD, the growth of the polyamide 
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layer is slower. Consequently, the nascent polymer chains can have time to rotate and 
arrange themselves, which results in the higher density and smoother surface of the 
selective layer.  
 
Table 6.3 Pervaporation performance of the TFC membranes prepared from: (1) MPD in 
water, (2) MPD in water/ethanol and (3) MPDSi in water/ethanol. 
 
 
To validate the above hypotheses on swelling resistance and density of the polyamide 
layer, XRD characterizations and PAS experiments have been carried out.  Figure 6.9 
shows the XRD spectra of the TFC membranes prepared from MPD and MPDSi in the 
dry and ethanol-wetted states, and their corresponding d-space values calculated 
according to equation (3.4). The two dried TFC membranes show the diffraction peaks at 
a similar Bragg angle of around 17
o
, corresponding to a d-space value of 5.22 Å. For the 
ethanol-wetted TFC membranes, the diffraction peaks shift to higher Bragg angles, 
indicating that their d-space values become smaller. These shifts are ascribed to the 
ethanol-induced swelling of the membranes, which leads to higher flexibility of polymer 
chains and hence their re-arrangement to achieve a smaller chain-chain distance. In other 
words, if a membrane is swollen to a larger extent, the resultant shift of its diffraction 












 for the TFC membrane made of MPDSi. This signifies that the 
former membrane is swollen to a larger extent than the later. As a consequence, the TFC 
membrane made of MPDSi has a better separation factor during pervaporation tests.  
 
 
Figure 6.9 XRD spectra of the TFC membranes (A) TFC-MPD(water/ethanol) and (B) 
TFC-MPDSi(water/ethanol) under (a) dry condition and (b) ethanol-wetted condition. 
 
In order to examine the density and the thickness of the polyamide layers made of MPD 
and MPDSi, PAS DBES characterizations of the TFC membranes are carried out. The R 
parameter curves as a function of the positron incident energy, which determine the 
penetration depth of positrons into the membrane surface, are plotted in Figure 6.10.  It is 
reasonable to obtain a decreasing trend of R values near the surface since the relative 
amount of o-Ps 3γ annihilation is high at the surface due to the back diffusion and 
scattering of positronium. With the increase in the positron incident energy to about 
1.52 keV, the R parameters quickly drop to a minimum value, which can be interpreted 
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as the dense layer of the TFC membranes [49]. After that, the R parameters start to 
increase as the positron incident energy increases, indicating the evolution of large pores 
in the membrane structure. This increase in R parameters reflects a change in free volume 
of the composite membranes and a transition from the dense layer structure to the porous 
substrate structure.  
 
Since the density of the TFC dense layer contains more information, the initial part of R 
parameters, i.e., 0-5 keV, is enlarged in Figure 6.10. From the spectra, it can be seen that 
comparing with the MPD TFC membrane, the MPDSi TFC membrane has a smaller 
value of minimum R parameter, suggesting a denser polyamide layer. This is consistent 
with our hypothesis and pervaporation results. In addition, the increasing trend of the R 
parameter starts slightly earlier for the MPDSi TFC membrane than that for the MPD 
TFC membrane. This implies that the former has a smaller dense layer thickness than the 
latter, which agrees well with the FESEM observations in Figure 6.7. Furthermore, to 
quantitatively analyze the result, the R parameters are fitted by the VEPFIT program with 
a three-layer model. The fitted R values are also plotted in Figure 6.10, and a good match 
with the raw data is achieved. Table 6.4 presents the fitting results of R parameter R1 and 
thickness L1 of the dense layer in the TFC membranes. The MPDSi TFC membrane has a 
smaller R1 value than the MPD TFC membrane does, inferring a smaller free volume of 
the top layer. For the L1 values of the two membranes, they are quite close to the FESEM 
measurement. Although the MPDSi TFC membrane has a smaller L1 value, its 
pervaporation flux is lower than that of the MPD TFC membrane. This re-confirms a 





Figure 6.10 R parameters of the TFC membranes prepared from (a) MPD and (b) MPDSi 
as a function of position incident energy. 
 
Table 6.4 R parameters and thicknesses of the TFC polyamide layers prepared from 
MPD and MPDSi. 
 
 





The polymerization conditions play an important role on the membrane morphology and 
separation performance of the resultant TFC membranes. The parameters that 
significantly affect interfacial polymerization are the contacting time of the substrate with 
the amine solution, the reaction time with TMC, polymerization temperature, etc. 
Considering that MPDSi has a lower reactivity than MPD, the effect of interfacial 
polymerization time on the resultant TFC membranes made of MPDSi and TMC is 
investigated and Table 6.5 tabulates their pervaporation results. The permeation flux 
decreases and the separation factor increases with an increase in immersion time 
increases. This is explainable since a longer immersion time facilitates the complete 
reaction of interfacial polymerization, which ensures a successful growth and cross-
linking of the top layer [50-51]. Therefore, a slightly denser and thicker polyamide 
selective layer can be formed, which results in a higher separation factor and a lower flux 
as shown in Table 6.5. 
 
In summary, by optimizing the interfacial polymerization time, one can fabricate the 
MPDSi TFC membrane with a good flux of 1884 g/m
2
-h and a comparable separation 
factor of 108 for pervaporation hydration of biofuel containing 85/15 wt% ethanol/water 
at 50 ºC. Table 6.6 shows a comparison of pervaporation performance between the newly 
developed TFC membranes and other reported membranes consisting of inorganic 
membranes, mixed matrix membranes and polymeric membranes for ethanol dehydration. 
The MPDSi TFC membranes show a superior flux with a reasonably good separation 
factor. The high performance is mainly attributed to the desirable morphology of the 
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composite membrane and its strong solvent resistance owing to the incorporation of the 
inorganic component into the main chains of the selective layer.   
 
Table 6.5 Pervaporation performance of the TFC membranes prepared from different 
interfacial polymerization time. 
 
 








In this study, a novel organic-inorganic hybrid amine monomer MPDSi has been 
designed and synthesized for the fabrication of TFC membranes. The chemical structure 
and thermal stability of the new monomer were verified by 
1
H NMR, FTIR and TGA. 
The characterizations and pervaporation performance of the TFC membranes made of 
MPDSi have been investigated. The following conclusions can be drawn from this study: 
 
(1) By manipulation of dope formulation and spinning parameters, Ultem® hollow fiber 
substrates with a desirable morphology for TFC membranes were achieved. The 
substrate consists of a porous finger-like macrovoid substructure to provide low 
transport resistance and a smooth outer surface to facilitate the formation of a dense 
TFC layer during interfacial polymerization. 
(2) The morphology of the interfacially polymerized layer can be eligibly controlled 
through the interfacial polymerization conditions and monomers used. When 10 wt% 
ethanol is added into the aqueous phase, the corresponding polyamide layer has 
smaller worm-like nodules and a larger thickness because of the formation of a buffer 
tri-solvent layer in the middle region of the aqueous and organic phases. With the 
same interfacial polymerization conditions, the MPDSi monomer produces a 
polyamide layer with finer worm-like nodules and a smaller thickness than the MPD 
monomer due to its lower reactivity and diffusion rate.  
(3) The TFC membrane prepared from MPDSi has a much enhanced pervaporation 
separation factor than the one prepared from MPD. The performance enhancement of 
the MPDSi TFC membrane is attributed to (1) its higher solvent resistance owing to 
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the existence of the inorganic component in the polyamide main chains and (2) the 
higher density of its selective layer.  
(4) By optimizing the interfacial polymerization time for the formation of the MPDSi 
TFC membrane, a good separation factor is obtained. The MPDSi TFC membranes in 
the current study show a superior ethanol dehydration performance as compared to 
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IN-SITU SYNTHESIS AND CROSS-LINKING OF POLYAMIDE THIN FILM 






In recent years, biofuels such as bioalcohol and biodiesel as sustainable energy sources 
have grown rapidly and increased market share [1-3]. As liquid fuels, biofuels have the 
advantage in direct mixing with regular gasoline and diesels. With the successful 
development of the first-generation biofuels, i.e., bioethanol produced from corn and 
sugar cane, and the concern of uprising food prices, researchers have been exploring the 
feasibility of producing second-generation biofuels from lignocellulosic resources such as 
grass and rice husks. However, due to the complexity of lignocellulosic materials, the 
biological conversion route and the downstream separation process become very 
challenging [4]. Therefore, economically effective biofuel production requires the 
advances in genetic engineering and breakthroughs in separation technology. In this work, 
we aim to develop an advanced dehydration process to achieve fuel-grade bioalcohols. 
 
According to Ragauskas and his co-coworkers, the separation and purification of 
bioethanol from fermentation broths by means of conventional distillation may account 
for 60-80% of the total production cost [5]. Many alternative separation techniques have 
been explored to save energy consumption such as adsorption, liquid-liquid extraction, 
gas stripping and pervaporation [6-9]. Among these techniques, membrane pervaporation 
is most promising because it has the advantage of easy operation, low energy 
consumption and small footprint [10-13]. In addition, for the dehydration application, 
pervaporation can easily overcome the azeotropic problem in the alcohol/water mixture, 
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which is difficult and economically impractical to be separated by the conventional 
distillation.   
 
For a practical pervaporation process, there are two essential requirements: (1) a high 
performance membrane and (2) easy membrane fabrication and processbility. Generally, 
inorganic membranes exhibit higher separation performance than polymeric membranes 
because of their superior thermal and solvent stability [14-16]. However, their brittleness, 
complex processbility and high costs limit their applications [17]. On the other hand, 
despite their lower separation performance, polymeric membranes are attractive and 
promising because they have better film forming properties and lower costs. In addition, 
high-performance polymeric membranes may be still achievable if innovative designs 
and processes of membrane materials and morphology are performed. Among various 
membrane morphologies, the composite structure which consists of a porous substrate 
and a dense selective layer has been proven as the most effective design for pervaporation 
membranes because of its high performance and low fabrication cost [13, 18-20].  
 
Recently, one special design of composite membranes, i.e., thin film composite (TFC) 
membranes has emerged as a potential candidate for pervaporation dehydration [21-24]. 
Traditionally, TFC membranes have been largely used for water reuse and desalination 
processes such as reverse osmosis (RO) [25-27] and nanofiltration (NF) [28-31]. Besides 
their good performance, the easy fabrication of TFC membranes, where an ultra-thin 
selective layer is simply formed on a porous substrate via interfacial polymerization, is 
another important factor that makes them dominant in industrial RO and NF membranes 
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[32]. However, the use of conventional TFC membranes synthesized from m-
phenylenediamine (MPD) and trimesoyl chloride (TMC) in pervaporation processes 
encounters the solvent-induced swelling issue [23]. Incorporation of inorganic 
components into the TFC layer is one of approaches to mitigate this problem [33-34]. For 
example, Fathizadeh et al developed thin film nanocomposite polyamide membranes by 
adding nano NaX zeolite into the organic phase during the interfacial polymerization [33], 
while our previous study designed a novel amine monomer containing an inorganic 
fluoro-silane component for the TFC interfacial polymerization [34]. Both studies 
enhanced swelling resistance of the TFC membranes and showed good pervaporation 
performance.  In this work, we aim to explore a novel and simple method to mitigate 
membrane swelling of TFC membranes by producing a highly cross-linked network 
within the polyamide selective layer. 
 
Cross-linking is a common strategy to increase stability and solvent resistance for 
pervaporation membranes [13, 35]. Generally, cross-linking a membrane is carried out by 
immersing the membrane in a cross-linker solution or exposing the membrane to a cross-
linker vapor [36-37]. However, these methods may not be successfully applied for TFC 
membranes because the penetration of cross-linkers into their ultra-thin selective layer 
may damage the membrane surface. Therefore, the purpose of this study is to develop a 
novel and effective cross-linking approach for TFC membranes via a simple two-step 
procedure. The first step is to in situ generate the toluene 2,4-diisocyanate (TDI) grafted 
TFC membrane during its interfacial polymerization while the second step is to produce 
the TDI cross-linked TFC membrane by post thermal treatment. The effects of each step 
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on physiochemical properties, membrane structure and dehydration performance of the 
resultant TFC membranes are investigated.  The stability of this highly cross-linked TFC 
membrane is also tested at high operational temperatures. To our best knowledge, this is 
the first study on in situ producing highly cross-linked TFC membranes for pervaporation 
applications. This novel chemical modification and processing method may provide 
useful insights and bring about ground-breaking changes to the production of 
pervaporation membranes.  
 
7.2. Experimental 




hollow fibers were prepared with a dope composition of Ultem
® 
/NMP/ethanol 23/72/5 wt%. A mixture of NMP/n-butanol 95/5 (wt/wt) was used as the 
bore fluid to create a delayed demixing at the inner surface of hollow fibers. The dope 
and bore fluid flow rates were 5 ml/min and 2 ml/min, respectively; and the air gap and 
take up speed were 5 cm and 15 m/min. The detailed spinning procedures can be found in 
chapter 3.  
 
7.2.2. Preparation of TFC membranes 
 
To fabricate TFC membranes, MPD was used in the aqueous phase. As for the organic 
phase, three types of solutions were prepared: (1) 0.1 wt% TMC in hexane; (2) 0.3 wt% 
TMC in hexane; (2) a mixture of 0.1 wt% TMC and 0.2 wt% TDI in hexane. Before 
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carrying out interfacial polymerization, the fibers were pre-treated by immersing them in 
ethanol for 30 seconds and then in water for 1 hour. The other procedures followed the 
descriptions in chapter 3. The nascent TFC membranes were subjected to post thermal 
treatment at different temperatures and for different durations as shown in Table 7.1. 
After all, the TFC membranes were dried overnight under vacuum at room temperature. 
 
Table 7.1 Interfacial polymerization conditions of the TFC membranes. 
 
 
7.3. Results and discussion 
7.3.1. Characterization of hollow fiber substrates 
 
Substrate materials and morphology play important roles in determining the separation 
performance of the resultant membranes. Ultem
®
 was chosen in this study as the substrate 
material because of its excellent anti-swelling and mechanical properties [38]. An ideal 
substrate for TFC membranes should have a relatively dense outer surface to facilitate the 
formation of the selective layer from interfacial polymerization and a very porous sub-
layer to increase the permeation rate [23]. The morphology of the as-spun hollow fiber 
substrate is shown in Figure 7.1(a). The hollow fiber possesses a relatively dense outer 
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surface, where no visible pores are observed at the magnification of 100K, and a finger-
like porous sub-layer. Such morphology is specially designed and the formation 
mechanism has been described in our previous work [34].  
 
Figure 7.1 FESEM images of the Ultem
®
 hollow fiber substrates with different bore fluid 
formula: (a) NMP/n-butanol and (b) NMP/water. 
 
Particularly, the fiber consists of an open-pore inner surface, which is a significantly 
noticeable difference as compared to our previous study (as in Figure 7.1(b) [34]) and 
other studies [15, 39]. This structure opens up the end of the finger-like pores at the inner 
surface and hence creates uninterrupted transport channels from the outer surface to the 
lumen side. Such structure is beneficial for high-flux performance due to the decreased 
substructure resistance. To achieve this morphology, we changed the typical formulation 
of the bore fluid from NMP/water to NMP/n-butanol. Compared to water, the less strong 
non-solvent n-butanol can slow down the phase inversion process at the lumen side of the 
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hollow fiber while it is still strong enough to maintain the shape and structure of the 
hollow fiber. The delayed demixing can lead to the formation of the more porous inner 
surface [40]. 
 
7.3.2. Effects of TDI presence on TFC membrane structure and performance 
 
Table 7.2 Ethanol dehydration performance
a,b
 of the original, TDI grafted and TDI cross-
linked TFC membranes. 
 
 
Table 7.2 tabulates the pervaporation performance of the original TFC membrane for 
dehydration of an 85/15 wt% ethanol/water feed solution. As predicted, its separation 
factor (27) is not high. This is attributed to the low solvent resistance of the polyamide 
selective layer that leads to swelling during pervaporation. Therefore, a two-step 
procedure of producing highly cross-linked TFC membranes consisting of in-situ TDI 
grafting and thermal cross-linking is developed. The validation of these reactions and 
their effects on structure and performance of the resultant TFC membranes are 
investigated thereafter. 
 




In the first step, TDI cross-linker molecules were in-situ encapsulated into the polyamide 
layer by mixing them with TMC in the organic phase during the interfacial 
polymerization process. During the growth of the polyamide layer from the aqueous 
phase to the organic phase [41], TDI molecules may be inevitably trapped and grafted 
onto the polymer network through the reaction between the amine groups of MPD and 
the isocyanate groups of TDI via the reaction mechanism as described in Figure 7.2. To 
confirm the existence of TDI in the polyamide layer, the chemical structures of the 
original and the TDI grafted polyamide layers were characterized by FTIR and their 
spectra are shown in Figure 7.3. As compared to the spectrum of the original polyamide 
layer, two additional peaks appear in the spectrum of the TDI grafted polyamide layer at 
the wave numbers of around 2280 cm
-1
 and 2910 cm
-1
 which correspond to the stretching 
of the isocyanate group N=C=O and the -CH3 group, respectively [42-43]. These two 
functional groups are the characteristic groups of TDI molecules and hence the presence 
of their peaks in the spectrum confirms the successful inclusion of TDI into the 





Figure 7.2 Reaction mechanisms of (a) the polyamide formation from MPD and TMC 
and (b)TDI grafting into the polyamide layer. 
 
 
Figure 7.3 FTIR spectra of (a) the original, (b) the TDI grafted, and (c) the TDI cross-




Table 7.3 Nitrogen content and water contact angle on the surfaces of the original and 
TDI grafted TFC membranes. 
 
 
Table 7.2 presents the ethanol dehydration performance of the TDI grafted TFC 





-h while the separation factor drops very slightly. This may be attributed to two 
factors associated with the presence of TDI in the selective layer, one is the increased 
hydrophilicity and the other is the loosen polyamide structure. Firstly, based on the 
reaction mechanism in Figure 7.2(b), it is expected that the N-H group content in the 
selective layer is enriched after TDI grafting. Since this amine group has high affinity 
towards water, the membrane hydrophilicity would be improved. To verify our 
hypothesis, XPS characterizations and water contact angle measurements were conducted. 
As summarized in Table 7.3 the surface nitrogen content of the TDI grafted TFC 





. Higher nitrogen content and a lower contact angle imply increased 
number of amine groups and hydrophilicity, respectively, on the selective layer surface. 
As a consequence, the resultant TFC membrane has a higher water solubility selectivity 
leading to a higher flux as shown in Table 7.2. Despite the higher water solubility 
selectivity, the separation factor of the TDI grafted TFC membrane is not improved 
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because hydrophilic polymers tend to swell and result in lowering separation factors [10, 
44].  
 
On the other hand, the existence of TDI would result in the formation of a loose 
polyamide selective layer which contributes to the increase in permeation flux. Since the 
amount of TDI in the organic phase is two times larger than TMC, the polyamide 
formation between MPD and TMC may be interrupted. Additionally, the grafting of TDI 
molecules into the polyamide layer would disrupt the packing of polymer chains. Both 
factors would reduce the density of the formed polyamide selective layer. Similar 
observations have been reported where the membrane flux was increased by adding 
organic, inorganic or ionic liquid additives in the polyamide layer [45-47]. In Kim et al.‟s 
study [45], they prepared polyamide TFC NF membranes with the addition of tributyl 
phosphate (TBP) in the organic TMC solution during interfacial polymerization. The 
resulting membrane shows a remarkable increase in water flux and a slightly drop in 
sodium chloride rejection due to the formation of dipole-dipole TBP-TMC complexes 
that interrupt the polymerization process. 
 
7.3.2.2. TDI cross-linked TFC membranes 
 
To improve the selectivity of TFC membranes, the TDI grafted membrane was thermally 
treated at a high temperature of 120 
o
C to incur the cross-linking reaction. The cross-
linking reaction may occur between primary or secondary amines with the isocyanate 
group in TDI [48-50], as depicted in Figure 7.4. The reaction mechanism was validated 
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by the FTIR curves as illuminated in Figures 7.3(b) and 7.3(c). As compared to the TDI 
grafted membrane, the stretching peak of the isocyanate group in the TDI cross-linked 
membrane disappears. This indicates a probability of the reaction between isocyanate 
groups and amines, which reduces the intensity of the N=C=O peak. 
 
 
Figure 7.4 Cross-linking reaction mechanisms between isocyanate groups with (a) 
primary amines and (b) secondary amines. 
 
Table 7.2 compares the ethanol dehydration performance of the TDI grafted and TDI 
cross-linked TFC membranes. The separation factor of the TDI cross-linked TFC 
membrane is almost tripled, from 23 to 77. This improvement is mainly owing to the 
formation of the TDI cross-linking bridges densely distributed among the polyamide 
chains that not only tightens the selective layer structure but also improves its solvent 
resistance. To further confirm the TDI cross-linking effect, another experiment is 
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designed to replace TDI by TMC in the organic phase during interfacial polymerization. 
The TMC concentration is adjusted to 0.3 wt% but the heat treatment temperature 
remains the same (i.e., 120 
o
C), as shown in Table 7.1. The resultant membrane (referred 
to as the TMC cross-linked TFC membrane in Table 7.2) shows an increment in 
separation factor to 36 because thermal annealing at 120 
o
C densifies the membrane and 
promotes additional cross-linking through the dehydration of amine and carboxylic acid 
groups. However, the enhancement is much smaller than that for the TDI cross-linked 
TFC membrane. This comparison demonstrates the unique effect of TDI in the cross-
linking reaction for the formation of highly cross-linked membranes. 
 
To observe the surface morphological change and validate the micro-structure variation 
of the TFC membranes before and after TDI cross-linking, FESEM and PAS experiments 
were carried out. Figure 7.5 presents the FESEM images of the TDI grafted and TDI 
cross-linked TFC membranes. After cross-linking, the top surface becomes denser and 
smoother.  In addition, the top layer thickness reduces from about 180 nm to 157 nm. 
Both changes reflect the simultaneous impact of cross-linking and thermal treatment. On 
the one hand, cross-linking reaction stabilizes, restricts and tightens the membrane 
structure. On the other hand, thermal treatment facilitates the motion of polymer chains 
and assists chain relaxation and rearrangement. Both effects lead to a denser, smoother 
and thinner top layer. This change is consistent with the dehydration performance data in 





Figure 7.5 FESEM images of the outer surfaces and cross-sections of (a) TDI grafted and 
(b) TDI cross-linked TFC membranes. 
 
To validate the change in the selective layer structure, DBES PAS experiments were 
carried out on these two membranes. Figure 7.6 plots the evolution of R parameter as a 
function of positron incident energy.  For both membranes, there is a sharp decrease in R 
value near the surface due to the scattering and back diffusion of the positron from the 
surface to the vacuum chamber [51]. With an increase in incident energy, the R value 
rapidly decreases to a minimum value at around 2 keV, representing the dense layer of 
the TFC membranes [52]. The R value then starts to increase after the small plateau 
region, reflecting the existence of larger pores in this region, where o-Ps go through 3γ 
annihilation. This change in R parameter is interpreted as the transition layer from the top 
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dense layer to the porous substrate layer. Therefore, the minimum R value representing 
the degree of chain packing in the dense layer is used to compare the structure of the 
selective polyamide layer. From Figure 7.6, a smaller minimum R value is observed for 
the TDI cross-linked TFC membrane, which indicates a denser structure with a less 
fractional free volume. This discovery agrees with the FESEM observation and the 
pervaporation performance data.  
 
 
Figure 7.6 R parameters of (a) TDI grafted and (b) TDI cross-linked TFC membranes. 
 
In addition, in order to quantitatively analyze the thickness of the top selective layer for 
the two TFC membranes, the R parameters are fitted by the VEPFIT computer program. 
In this study, three-layer model was used to fit the data and the obtained result is very 
reliable with a chi-square value of less than 2.5. The fitted selective layer thicknesses for 
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the TFC membranes before and after cross-linking are 201±24 nm and 189±20 nm, 
respectively. These results are consistent with the thickness data measured from the 
FESEM images, though the estimated values are a bit different due to various analytical 
methods used. 
 
7.3.3. Effect of cross-linking duration on separation performance  
 
Since the duration of thermal treatment for cross-linking reaction may play an important 
role in membrane morphology and pervaporation performance, Table 7.4 tabulates the 
ethanol dehydration performance of the TFC membranes as a function of cross-linking 
duration. A longer duration leads to a membrane with a higher separation factor and a 
lower permeation flux. This is probably due to a higher degree of cross-linking at a 
longer thermal annealing. As a result, a denser top layer with a smaller chain-chain 
distance and lower fractional free volume is achieved. XRD and PAS techniques are 
utilized to validate the structural changes. 
 
Table 7.4 Ethanol dehydration performance
a,b
 of the TFC membranes prepared from 






Figure 7.7 XRD curves of the cross-linked TFC membranes prepared from different 
cross-linking durations (a) 15 min (b) 60 min and (c)120 min. 
 
Figure 7.7 shows XRD curves of the TFC membranes cross-linked under different 
durations. The TFC membrane cross-linked in 15 min has a diffraction peak at around 
16.4
o
 and a d-space value of 5.41 Å. Increasing the cross-linking duration to 60 min or 
120 min shifts the diffraction peak to a higher Bragg angle corresponding to a reduced d-
space value of 5.18 Å. This decrease in d-space value reflects a smaller chain-chain 
distance and hence a larger transport resistance. As a consequence, a lower permeation 
flux and a higher separation factor are achieved for the TFC membranes cross-linked at 
longer durations as shown in Table 7.4. However, there is no obvious difference between 
the peaks of the TFC membranes treated at 60 min and 120 min. This is probably because 




To further verify the variation in chain packing density and fractional free volume of the 
selective layer, a more sensitive and responsive technique, PAS was utilized. Figure 7.8 
shows the change of R parameter along with the positron incident energy. The initial part 
of R parameter which contains the information of the dense layer is enlarged in Figure 
7.8. These R parameter curves show that the longer the cross-linking duration, the smaller 
the minimum R value. This observation suggests that the TFC membrane cross-linked in 
15 min has the loosest dense layer while the one cross-linked in 120 min has the densest 




Figure 7.8 R parameters of the cross-linked TFC membranes prepared from different 




7.3.4. Challenging the TFC membranes with high operational temperatures 
 
To challenge the stability of the newly developed cross-linked TFC membranes at high 
temperatures, the TFC membrane cross-linked in 60 min was utilized for pervaporation 
tests at 50, 65 and 80 
o
C. Table 7.5 presents the pervaporation results including the 
effects of operational temperature on membrane performance and intrinsic membrane 
properties. At a high operational temperature of 80 
o
C, the TFC membrane still produces 
a permeate water concentration of larger than 91 wt%. This demonstrates the membrane 
stability at elevated operational temperatures owing to its highly cross-linked structure.  
 
Table 7.5 Effect of operational temperature on the pervaporation performance
a,b
 of the 
TFC membrane cross-linked in 60 min. 
 
 
Table 7.5 shows that the permeation flux increases dramatically while the separation 
factor drops slightly with an increase in operational temperature. According to equation 
(2.5), the permeation flux is governed by two factors: namely, driving force and 
permeance. The driving force is affected by operation conditions while the permeance is 
related to intrinsic membrane properties. A higher operation temperature would increase 
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the driving force because of the increased vapor pressure in the feed side since the 
permeate pressure is always kept constant. This may be the primary reason for the 
increase in permeation flux with increasing temperature. The decrease in separation 
factor with temperature may be due to the fact that the increment in ethanol vapor 
pressure surpasses that of water vapor pressure since ethanol has a lower boiling point 
than water.  
 
To decouple the effects of driving forces and elucidate the intrinsic properties of the TFC 
membranes at different operational temperatures, their permeance and selectivity are 
calculated based on equation (2.5) and tabulated in Table 7.5 [53-54]. There is an 
opposite trend for water and ethanol permeance, where water permeance decreases while 
ethanol permeance increases with an increase in operational temperature. According to 
the solution-diffusion mechanism, permeance of a permeant depends on its solubility and 
diffusivity. For the ethanol/water system, their solubility decreases when temperature 
arises because of the exothermic sorption characteristics. Meanwhile, their diffusivity is 
generally higher because of the increased mobility of the polymeric chains at elevated 
temperatures. Therefore, the observed trend for permeance depends on which step, 
solubility or diffusivity, is the controlling step of permeation. For water, since the TFC 
membrane surface is hydrophilic and has high affinity towards water, the reduction in its 
solubility caused by higher temperatures is severer. As a consequence, its overall 
permeance drops with an increase in temperature as shown in Table 7.5. On the contrary, 
the increment in diffusivity may predominate for ethanol molecules since elevated 
temperatures highly facilitate ethanol diffusion by breaking up the large ethanol-ethanol 
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clusters [53, 55]. As a result, ethanol permeance exhibits an increasing trend with 
temperature. Due to the opposite trend of water and ethanol permeance, the water/ethanol 
selectivity decreases with an increase in temperature.  
 




In overall, the cross-linked polyamide TFC membranes in this study show impressive 
pervaporation performance with a flux of 2005-6798 g/m
2
-h and a separation factor of 
61-133 for the dehydration of an 85/15 wt% ethanol/water mixture. Compared to other 
reported membranes as summarized in Table 7.6 and Figure 7.9 [56-67], these TFC 
membranes exhibit superior pervaporation fluxes and good separation factors. The high 
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performance is mainly resulted from (1) the effective cross-linking of the selective layer 
and (2) desirable substrate morphology. We believe these excellent membranes may open 
up novel membrane modifications and bring new light to the molecular design of next-
generation pervaporation membranes. 
 
 
Figure 7.9 A graphical comparison of membrane performance for ethanol dehydration 




In this work, a novel and effective cross-linking approach has been demonstrated for TFC 
membranes to overcome the swelling issue in pervaporation dehydration of ethanol. The 
physicochemical properties, membrane structure and dehydration performance of the TDI 
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in-situ grafted and cross-linked TFC membranes were investigated in-depth. The 
following conclusions can be made from the current study: 
 
 
(1) By changing the bore fluid components from NMP/water to NMP/n-butanol, highly 
porous Ultem
®
 hollow fibers with an open-pore inner surface are achieved owing to 
the delayed demixing at the lumen side. This structure is favorable for a high-flux 
performance because it decreases substructure resistance. 
(2) The highly cross-linked TFC membrane is produced through a novel and effective 
method, where the cross-linker TDI is in-situ grafted into the polyamide layer during 
interfacial polymerization followed by the post thermal treatment to incur the cross-
linking reaction. The grafting and cross-linking mechanisms are proposed and 
verified by FTIR. The membrane shows good anti-swelling properties for ethanol 
dehydration owing to its dense, smooth and thin selective layer, which are validated 
by its separation performance, FESEM images and PAS data.  
(3) The highly cross-linked TFC membrane displays its high stability at elevated 
operational temperatures. At 80 
o
C, the membrane can still function stably and 
produce a permeate water concentration of larger than 91 wt%. Compared to other 
reported membranes, this TFC membrane exhibits a superior pervaporation flux and a 
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The development of high performance membranes is of crucial importance for a 
successful pervaporation process. Therefore, in this research, a systematic investigation is 
carried out on the design of TFC hollow fiber membranes for alcohol dehydration. 
Various key factors associated with TFC membrane fabrications are examined. The mass 
transport phenomena and separation performances through these TFC membranes are 
explored. The following conclusions can be drawn from the current study: 
 
8.1.1. Molecular design of thin film composite (TFC) hollow fiber membranes for 
isopropanol dehydration via pervaporation 
 
This work systematically studies the effects of hollow fiber substrate, amine monomer, 
polymerization conditions and post methanol treatment on the formation and separation 
performance of TFC membranes. Firstly, three polyamide-imide hollow fibers with 
different morphologies are used as substrates. It is found that a finer surface pore size 
would result in a more uniform and smoother top selective layer after interfacial 
polymerization. As a consequence, the resultant TFC membrane has a higher separation 
factor but lower permeation flux for IPA dehydration. Secondly, the separation 
performance of TFC membranes prepared from different amine monomers, MPD and 
HPEI are compared. Since HPEI has a bulkier structure and higher hydrophilicity than 
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MPD, its resultant TFC membrane shows a better permeation flux. The molecular weight 
of HPEI used is also found to affect the pervaporation performance. A higher HPEI 
molecular weight would result in a TFC membrane with larger permeation flux but 
smaller separation factor. In addition, the interfacial polymerization condition can affect 
the formation of the selective layer. The immersion time in the amine solution or TMC 
solution has been optimized. Last but not least, methanol post treatment is employed to 
wash away the un-reacted monomers and the resultant TFC membrane shows a 1.5 folds 
increment in permeation flux. 
 
8.1.2. Novel organic-inorganic thin film composite membranes with separation 
performance surpassing ceramic membranes for isopropanol dehydration 
 
This study explores the effects of inorganic components in the polyamide selective layer 
of TFC membranes. Three different modification methods are demonstrated to include 
the inorganic molecule GOTMS in the in-situ synthesized polyamide layer via suitable 
molecular design. Method 1 is to graft GOTMS onto HPEI to form the HPEI-GOTMS 
amine monomer directly; method 2 is to graft the hydrolyzed GOTMS onto HPEI to form 
the HPEI-HGOTMS amine monomer; while method 3 includes a thermal condensation 
step for the TFC membrane prepared from the HPEI-HGOTMS amine monomer. All 
developed organic-inorganic hybrid TFC membranes exhibit enhanced separation factors 
and comparable flux for IPA dehydration as compared to the original TFC membrane 
without GOTMS. This high performance can be attributed to the excellent solvent 
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resistance of the inorganic component included and the formation of inorganic cavities in 
the selective layer. 
 
8.1.3. Design and synthesis of a fluoro-silane amine monomer for novel thin film 
composite membranes to dehydrate ethanol via pervaporation 
 
A novel hybrid organic-inorganic amine monomer MPDSi has been designed and 
synthesized to prepare TFC membranes for ethanol dehydration via pervaporation in this 
work. The new monomer is molecularly designed to sandwich an inorganic component 
ClSi between two MPD molecules. As a result, the inorganic component would be in the 
backbone of polyamide main chains after interfacial polymerization. The advantages of 
polymeric and inorganic materials are effectively integrated in the newly developed TFC 
membranes. The TFC membrane prepared from MPDSi has a much enhanced 
pervaporation separation factor than the one prepared from MPD. The performance 
enhancement of the MPDSi TFC membrane is attributed to (1) its higher solvent 
resistance owing to the existence of the inorganic component in the polyamide main 
chains and (2) the higher density of its selective layer. By optimizing the interfacial 
polymerization time for the formation of the MPDSi TFC membrane, a good separation 
factor is obtained.  
 
8.1.4. In-situ synthesis and cross-linking of polyamide thin film composite (TFC) 




In this work, highly cross-linked TFC membranes are prepared via a simple and effective 
two-step approach for ethanol dehydration. The first step is to in situ graft the cross-
linker TDI into the polyamide selective layer during the interfacial polymerization while 
the second step is to produce the TDI cross-linked TFC membrane by post thermal 
annealing. The grafting and cross-linking mechanisms are proposed and verified by FTIR. 
The highly cross-linked TFC membranes overcome the swelling issue of conventional 
TFC membranes and exhibit much enhanced and stable separation performance, even at 
high temperatures. Compared to other reported membranes, this TFC membrane exhibits 
a superior pervaporation flux and a good separation factor. These excellent membranes 
and the novel processing method may bring about ground-breaking changes to the 
molecular design of modern pervaporation membranes. 
 
8.2. Recommendations and future work 
 
Based on the discussions and conclusions made from this research, the following 
recommendations may provide some insight on the future development and application of 
membranes.  
 
(1) Further improve the properties and separation performance of TFC membranes. This 
would focus on two aspects, namely, the porous substrates and the top selective layer. 
For the porous substrates, some alternative options may be possible, for example 
multilayer substrates, where the base can be non-woven fabric and the surface can be 
a thin polymer layer. This will increase the mechanical strength of membranes and 
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reduce the amount of used polymer materials. As for the selective layer, nano-
particles may be added to increase the fractional free volume or to increase the 
hydophilicity of the layer so as to enhance the separation performance. 
(2) Explore other post treatment methods, such as chemical washing or solvent treatment, 
to enhance the membranes stability and separation performance. 
(3) Examine long term performance of TFC membranes. Since the membranes are 
operated under organic solvent environment, their performance stability and structural 
integrity in the long run is important and worthwhile to be inspected.  This is essential 
before the membranes can be used for industrial applications.  
(4) Explore the possibility of TFC membranes in vapor permeation process. Vapor 
permeation is similar to pervaporation, while the operation temperature is higher and 
the feed mixture is in vapor phase. A higher operation temperature is favorable to a 
higher permeation flux. Thus vapor permeation can possibly reduce the required 
membrane size than pervaporation for a given separation.  
(5) Extend the application of TFC membranes to other water/solvent separations or other 
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